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Cette thèse traite principalement des connaissances fondamentales en hydrodynamique et 
des caractéristiques des réactions gaz-liquide dans des microréacteurs capillaires.  
Dans une première partie, nous avons effectué des essais dans trois microcanaux 
circulaires en verre placés horizontalement. Les diamètres étudiés étaient de 302, 496 et 
916 µm. Les arrivées de gaz et de liquide se font de manière symétrique et forme un angle de 
120° entre elles. Une cartographie des écoulements diphasiques gaz-liquide a été 
systématiquement faite pour des vitesses du liquide comprises entre 0,1 et. 2 m/s et des 
vitesses du gaz comprises entre 0,01 et 50 m/s Ces essais mettent en évidence l'influence du 
diamètre des canaux, de la viscosité du liquide et de leur tension superficielle. Ces mesures 
ont été comparées avec les cartes décrivant les différents régimes d’écoulement (à bulles, en 
bouchons de Taylor, annulaires ou sous forme de mousse) et confrontés aux modèles de la 
littérature qui prédisent les transitions entre les différents régimes. Nous avons mis en 
évidence que ces derniers n’étaient pas totalement satisfaisant et en conséquence, un nouveau 
modèle de transition prenant en compte les effets de taille du canal, les propriétés physiques 
du liquide a été proposé. 
 
Les pertes de charge engendrées par ces écoulements gaz-ont été étudiées. Nous avons  
constaté que la chute de pression est très dépendante du régime d'écoulement. Cependant pour 
décrire l’évolution de la perte de charge il est commode de la scinder en trois régions: une où 
les forces de tension superficielle sont le paramètre prépondérant et qui correspond aux faibles 
vitesses superficielle du gaz, une zone de transition et une dans laquelle les forces d’inertie 
sont dominantes et qui correspond aux grandes vitesses superficielles du gaz. La prédiction de 
cette chute de pression dans la troisième zone a été faite à partir d’un modèle de 
Lockhart-Martinelli. Ce modèle qui prend en compte les flux de chaque phase dépend d’un 
paramètre semi empirique C. Nous avons proposé de le corréler avec les nombres de 
Reynolds correspondant à chacune des deux phases en présence. Cette méthode permet de 
Résumé 
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bien rendre compte de nos mesures. 
 
Les caractéristiques hydrodynamiques en écoulement de Taylor ont été examinées. Il a 
été montré que la formation des bulles dans un écoulement de Taylor est dominée par un 
mécanisme d’étranglement en entrée du capillaire. La taille des bulles dépend fortement de la 
viscosité du liquide et la tension superficielle. La chute de pression dans cette zone, lorsque le 
nombre capillaire est relativement faible, peut assez être bien décrite par le modèle de 
Kreutzer modifiée par Walsh et al. 
 
Enfin dans une dernière partie, nous avons réalisé une réaction chimique en écoulement 
de Taylor. 
L'oxydation du 2-hydrogène-ethyltetrahydroanthraquinone (THEAQH2) pour former du 
peroxyde d’hydrogène a été expérimentalement étudiée dans un microcanal circulaire 
horizontal de 900 µm de diamètre et 30 cm de long. La présence d’une réaction chimique ne 
modifie que très peu les transitions entre les différents régimes d’écoulement ni l’évolution 
des pertes de charge. Les cinétiques de conversion du peroxyde d’hydrogène sont environ 
deux fois plus rapides celles obtenues dans les réacteurs gaz liquide utilisés habituellement.  
 















This dissertation mainly deals with the fundamental knowledge of hydrodynamics and 
reaction characteristics in gas-liquid microreactors. Extensive experimental investigations 
have been performed in horizontal circular microchannels with diameter from 302 µm to 916 
µm. 
Gas-liquid two-phase flow patterns in the microchannel have been systematic 
experimental investigated, in which the influence of channel diameters, liquid viscosities and 
surface tension were considered. Flow pattern regime maps in the present microchannels were 
developed, and the comparison with existing regime maps and flow pattern transition models 
in literature implied that transitions in present work could not be well predicted. As a result, a 
new transition model taking the effects of channel size, liquid physical properties into account 
was proposed.  
The gas-liquid two-phase pressure drop characteristics in microchannels were studied. It 
has been found that the pressure drop was highly flow patterns dependent, and the main trend 
can be divided into three regions: surface tension-dominated region, transitional region and 
inertia-dominated region. The pressure drop characteristics in surface tension-dominated and 
inertia-dominated region were discussed respectively. A modified Lockhart-Martinelli 
separated flow model in which the effects of channel diameter and liquid properties on the 
C-value are taken into account was proposed, and it showed a good agreement with respect to 
our experimental data and others’ reported in literature. 
Hydrodynamics characteristics of Taylor flow have been examined. It was shown that the 
formation of Taylor flow was dominated by squeezing mechanism, on which the effects of 
liquid viscosity and surface tension were dramatically. The two-phase pressure drop of Taylor 
flow could be well predicted with the Kreutzer’s model modified by Walsh et al., when 
capillary number was relatively low.  
Oxidation of hydrogenated 2-ethyltetrahydroanthraquinone (THEAQH2) in a horizontal 
circular microchannel have been experimental investigated. Results of visualization study on 
oxygen-anthraquinone working solution two-phase flow in microchannel showed that the 
Abstract 
X 
flow pattern transition model and pressure drop model for inertia-dominated region proposed 
in this dissertation had good predicting accuracy. It was indicated that the gas-liquid 
interfacial area and space-time yield of hydrogen peroxide in the microchannel are at least one 
to two orders of magnitude higher than those in the conventional gas-liquid reactors.     
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Notes: Symbols that appear infrequently are explained in the text.   
Latin symbols:  
ai  Specific interficial area, m2/m3 
A  Aspect ratio, depth/width, dimensionless 
c0 – c8 Correlation constants, dimensionless 
C   Chisholm’s parameter, dimensionless 
Coxy   Production concentration of hydrogen peroxide, g/L 
CTotal   Total concentration of hydrogen peroxide, g/L 
bd  Diameter of Taylor bubble, m 
1cd  Critical diameter, m 
2cd  Critical diameter, m 
Hd  Hydraulic diameter, m 
id   Inner diameter of circular microchannel, m 
m
E   Mean relative deviation, dimensionless 
F  Darcy friction factor, dimensionless 
g  Acceleration of gravity, m/s2 
G  Mass flux, kg/(m2·s) 
k  Correlation constant, dimensionless 
kL  Liquid side mass transfer coefficient, m/s 
kS  Roughness of channel wall, m 
La
  




LB  Length of bubble, m 
LS  Length of liquid slug, m 
Nomenclature 
XV 
n  Correlation constant, dimensionless 
30%P  Percentage of points falling within the relative deviation of 30%, 
dimensionless 
P∆   Pressure drop, Pa 
acc
P∆  Acceleration pressure drop, Pa 
friP∆   Frictional pressure drop, Pa 
graP∆  Gravitational pressure drop, Pa 
Q  Volumetric flow rate, m3/s 
rAS Gas-liquid volumetric ratio, dimensionless 
r0  Radii of the channel, m 
R  Gas constant, dimensionless 
SB  Interficial area between gas and liquid phase, m2 
T  Temperature, °C 
Tf  Thickness of liquid film, m 
U  Velocity, m/s 
VBubble  Volume of Taylor bubble, m3 
ex   Gas mass fraction, dimensionless   
X  Lockhart-Martinelli parameter, dimensionless 
Z  Channel length, m 
Greek symbols: 
α   Fitting parameter, dimensionless 
β   Gas phase volumetric fraction, dimensionless 
δ   Relatively roughness of channel wall, dimensionless 
Gε  Void fraction, dimensionless 
φ   Two-phase frictional multiplier, dimensionless 
Nomenclature 
XVI 
γ   Shear rate, s-1 
η
  Oxidation conversion, dimensionless 
µ
 Dynamic viscosity, Pa·s 
effµ
  
Dynamic viscosity of non-Newtonian liquid, Pa·s 
θ
  Channel angle of inclination with respect to the gravity force, dimensionless 
ρ
  Density, kg/m3  
σ
  Surface tension, N/m 
τ
  Shear stress, N/m2 
ξ




Bond number: 2 ( )H L Gd g ρ ρ σ−   
Ca
  
Capillary number: /L LSUµ σ   













ρ ρ−  
λ  Dimensionless number in C correlation of Lee et Lee (2001) and Lee et Lee 
(2008): 2 /L L Hdµ ρ σ   
ψ
  
Dimensionless number in C correlation of Lee et Lee (2001) and Lee et Lee 
(2008), which equal to Ca: /L LSUµ σ  




ρ ρ−  
Re  Reynolds number: HUdρ µ  
Nomenclature 
XVII 
Su Su number: 2H L Ldσ ρ µ  
We  Weber number: 2 HU dρ σ  
Subscripts  
B  Bubble 
Exp  Experimental measured 
fri  Frictional 
G  Gas 
GS  Gas superficial 
hom  Homogeneous-flow model 
H  Hydraulic 
L  Liquid 
Liquid   Liquid slug 
LS  Liquid superficial 
meas  Measured 
pre  Predicted 
sep  Separated-flow model 
Taylor  Taylor flow 
tp  Two-phase mixture 
TP  Two-phase total 
TS  Liquid slug in Taylor flow 
TUC  Taylor unit cell 
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CHAPTER 1: LITERATURE REVIEW 
 
1.1 General introduction 
In the last decade, to satisfy both the market requirement and the social and 
environmental constraints of industry processes, chemical industry has been undergoing 
reformation rapidly. The evolution of chemical engineering is vitally necessary to survive in 
the globalization of world trade and competition, which require the future chemical processes 
to be environment-friendly, highly efficient, defect-free and perfectly safe. Microreaction 
technology has provided a possibility to confront the challenges, for it is generally considered 
to have many advantages for chemical processes, i.e. heat and mass transfer enhancement, 
improved reaction performance, perfect safety, easily-controlled process, continuous 
operation mode and well-defined flow property, and attracted an increasing worldwide 
academic interest and growing attention from industry. Microreaction technology represents 
microstructured devices integrated into a variety of operation units, which are composed of 
small size channels having dimensions with the order of tens or hundreds of microns. After 
twenty years development, microreaction technology is no longer in its infancy, and its 
practical applications in many processes of chemical industry have been emerging, which 
tabulated in Table 1-1. However, the application of gas-liquid multiphase microreaction 
technology in practice is rarely reported. There are two main reasons considered to be 
responsible for this phenomenon. On one hand, it is more complicate that the hydrodynamic 
and reaction characteristics of gas-liquid multiphase microreactors than that of others 
microreactors, due to the predominance of surface forces induced by the miniaturization of 
channel dimensions. On the other hand, the fundamental knowledge of gas-liquid 
microreactors is found to be significantly different from that of their macro scale counterpart, 
hence the theory founded for the common size reactor are no longer applicable and the 
general understanding about the fundamental knowledge, i.e. hydrodynamics, mass transfer 
Chapter 1: Literature Review 
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and reaction, of gas-liquid microreactors are still lacking. At the same time, the successful 
application reported in others chemical processes incited a growing interest to introduce 
microreaction technology to gas-liquid reactions, and the studies undertaken have indeed 
showed that the excellent performance of gas-liquid reaction could be achieved in 
microreactors. Consequently, to fundamentally understand and well-designed gas-liquid 
microreactor is now of great interest. It is agreed that the gas-liquid two-phase hydrodynamics 
play a primary role regarding the microreactor design, as well as characteristics of the specific 
reaction. Thus, this work will be concentrated on the gas-liquid two-phase flow in 
microchannels, and attempt to perform and investigate a gas-liquid reaction in microchannel.   
 In this chapter, a short review of gas-liquid two-phase flow in microchannels in 
literature is given, as well as the current research status of gas-liquid reaction.  
Chapter 1: Literature Review 
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Scale level Company Process Micro-system type Scale t/y 
Heatric (Seris et al., 2005) Hydrogen production Gas phase microreactor 8 
Merck (O’Driscoll, 2004) Specialty intermediate production Liquid phase microreactor 15 
Lonza (Roberge et al., 2005) Fine chemical/pharmaceutical campaign Liquid phase microreactor 44 
Clariant (Dietrich, 2009) Synthesis of red, yellow azo pigments Liquid phase microreactor 130 
Xi’an Huain /IMM (Dietrich, 2009) Nitroglycerin plant operational Liquid phase microreactor 130 
Small-scale 
Chart (wood, 2005) Hydrogen production for refueling station Gas phase microreactor 160 
Heatric (Banister and Rumbold, 2005) Methanol production Gas phase microreactor 12 000 to 60 000 
DSM/Karlsruhe (Dietrich, 2009) Liquid chemical products Liquid phase microreactor 15 000 
Velocys (Jarosch et al., 2006) Production of transportation fuels Gas phase microreactor 16 000 
IMM (Dietrich, 2009) Star-laminator mixer Liquid-liquid micromixer 26 000 
Velocys (Tonkovicha et al., 2004) Hydrogen production Gas phase microreactor 30 000 
Degussa/UDH (Albrecht et al., 2006) Vinyl acetate synthesis Gas phase microreactor 150 000 
Large-scale 
UOP/IMM (Hessel et al., 2005) Direct synthesis of hydrogen peroxide Liquid phase microreactor 162 000 
Velocys (Mazanec, 2006) Ethylene production Gas phase microreactor 1 million 
Mega-scale 
Velocys (Wang et al., 2005) Fischer-Tropsch synthesis Gas phase microreactor 1.4 million 
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1.2 Hydrodynamics of two-phase flow in microchannels 
Gas-liquid two-phase flow in capillaries or microchannels have attracted increased 
attention in the last decades, caused by the miniaturization of devices in many engineering 
fields, i.e. chemical and space industries, hydrogen and nuclear power, material processing, 
thin film deposition technology and biotechnology. There are three major distinctions of 
two-phase flow hydrodynamics in microchannels compared to macro-systems. To begin with, 
the relative importance of surface tension, inertia, and viscosity over buoyancy, in another 
word, gravity, increases. Moreover, the flow is usually characterized by small Reynolds 
numbers, and laminar flow is occurred. Finally, there are significant effects of the roughness, 
wettability of the channel wall, and wall confinement on the two-phase flow in microchannels 
(Akbar et al., 2003; Rebrov, 2010; Shao et al., 2009).  In view of these differences, the 
existing prediction correlations for large size tubes cannot be applicable to predict 
hydrodynamics characteristics of two-phase flow in microchannels, such as two-phase flow 
patterns, pressure drop, etc. Accordingly, extensive works have been conducted with aim at 
characterizing gas-liquid two-phase flow in microchannels, and we will give a review on the 
current research status on it in detail in this section.  
  
1.2.1 Microchannel definition 
In the microchannels, gas-liquid two-phase flow is so different, due to dominant position 
of surface forces, while two-phase flow is dominated by gravity in normal size tubes. 
However, the classification between normal, small and microchannel, has not been well 
defined yet. The transition of channel scale to surface tension dominated, which is also 
considered as the transition from normal scale to microchannel, has been intensively 
discussed based on experimental data. Engineers used to consider tubes with diameters larger 
than one centimeter and in order of millimetre as normal and small-scale, respectively. But it 
is now generally accepted that the transition criterion should be determined by the correlation 
of channel size, operating conditions and fluid properties rather than only by the channel 
diameter (Brauner and Maron, 1992; Kew and Cornwell, 1997; Shao et al., 2009; Suo, 1963).   
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The criterion for the microchannel has been proposed in various ways by researchers 
based on different dimensionless numbers, among which Laplace length La and Eötvös 








                                    (1.1) 
2 ( )H L Gd gBo ρ ρ
σ
−
=                                   (1.2) 
As early as in 1961, Bretherton (1961) found that the free rise of a long bubble in a 
vertical sealed tube would be completely inhibited if Bo/4 < 0.842, due to effects of gravity 
suppressed by that of surface forces. Based on the experimental results and discussion, Suo 
and Griffith (1964) gave a criterion for negligible gravity effects on two-phase flow in a 
horizontal capillary as follow: 




ρ ρ ≥−                                 (1.3)   
Which could be rewritten as: 
3.3HLa d ≥                                          (1.4) 
Here, it could be derived that 2.7 mm for the air-water two-phase flow at 0.1MPa from Eq. 
(1.3) was the critical diameter for microchannel.  
According to the linear stability analysis and well-posedness of the unidirectional 
momentum and continuity equations of the stratified two-phase flow, Brauner and 
Moalem-Maron (1992) suggested following criterion for the dominance of surface forces in 
two-phase flow: 
2
2( ) (2 )H L Gd gEo Boρ ρ pi
σ
−
= = <                         (1.5) 
Kew and Cornwell (1997) investigated two-phase flow and heat transfer characteristics 




ρ ρ= − , 
which also called as dimensionless Laplace number, was greater than 0.5, typical flow regime 
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for microchannels, i.e. confined bubble flow would be formed.  
The critical channel diameters derived from correlations of Bretherton (1961), Suo and 
Griffith (1964), Brauner and Moalem-Maron (1992) and Kew and Cornwell (1997), should be 
4.97 mm, 0.82 mm, 17.1 mm and 5.4 mm, respectively, for air-water two-phase flow under 
absolute pressure of 0.1 MPa and temperature of 25 °C.  
 
Meanwhile, other methods also have been used to classify the channels. Kandlikar and 
Grande (2003) proposed the channel classification based on the evolution of flow in small 









= , where R is the 
gas constant, µG is gas viscosity, G is the gas density, T is the absolute temperature in K), as 
follows:  
Conventional channels: dH > 3 mm 
Minichannels: 3 mm  dH  200 µm 
Microchannels: 200 µm  dH  10 µm 
Transitional channels: 10 µm  dH  0.1 µm 
Transitonal Microchannels: 10 µm  dH  1 µm 
Transitonal Nanochannels: 1 µm  dH  0.1 µm 
Nanochannels: 0.1 µm  dH  
Li and Wang (2003) analyzed two-phase flow regimes during vapor flow condensation in 
horizontal mini/microchannels, and considered that the major two-phase flow patterns could 
be classified into three categories: symmetrical, semi-symmetrical and asymmetrical flow. 
They gave two correlations to determine the critical diameters as follows: 
1/2








                             (1.6)   
1/2








                              (1.7)   
When 2H cd d≥ , the flow regimes were similar to those in common size tubes. And 
when 1H cd d≤ , the effects of gravity on the flow regime were negligible, so that the channel 
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could be regard as microchannel. According to Eq. (1.6) and (1.7), Li and Wang (2003) 
calculated the critical channel diameters for several liquid under different temperatures, 






Many researchers experimentally investigated two-phase flow in capillaries or small size 
channels, and the critical diameters for microchannel could be derived by observing the 
two-phase flow patterns. Triplett et al. (1999) conducted experiments on the air-water 
two-phase flow in circular channels with diameter of 1.10 and 1.45 mm, and in 
semi-triangular channels with hydraulic diameter of 1.09 and 1.49 mm. Typical flow patterns 
for microchannels were obtained, i.e. slug flow, churn flow, annular flow and slug-annular 
flow, etc., which indicated the transition of channel diameters to surface forces dominated 
regime at 1 mm < dH < 2mm. Chen et al. (2006) studied the effects of tube size on two-phase 
flow regimes in vertical small tubes. The results indicated that when channel diameter less 
than 2.01 mm, the two-phase flow became different from that of normal size tubes, and when 
the channel diameter decreased to 1.10 mm, typical flow pattern of microchannel, such as 
confined bubble flow would occur, for which surface forces was dominant. Likewise, 
Venkatesan et al. (2010) also found that typical flow patterns of microchannels would form 
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when channel diameters less than 2 mm. Therefore, the channel diameter of about 1 mm may 
be considered as the upper boundary of microchannels (Rebrov, 2010; Shao et al., 2009).  
 
1.2.2 Two-phase flow patterns  
In gas-liquid processes in microchannels, the two-phase flow pattern is of primary 
importance because other characteristics such as the pressure drop, heat and mass transfer and 
reaction all depend on it (Cheng et al., 2008; Rebrov, 2010; Tsoligkas et al., 2006). Therefore, 
rather extensive researches have been dedicated to the study of flow patterns and the 
construction of flow pattern maps based on superficial gas and liquid velocities (UGS, ULS) in 
microchannels having circular, rectangular or triangular cross-section. 
However, the uniformity in the terminology of two-phase flow patterns in microchannel 
is still lacking, which now become a major problem in this subject. For example, slug flow is 
usually called Taylor flow, segmented flow, elongated bubble flow (Shao et al., 2009), even 
sometimes bubble-train flow (Thulasidas et al., 1997). In addition, the same name is 
sometimes used to describe different flow patterns. Take the slug flow as an example, it also 
refer to wavy-annular flow in some report (Yang and Shieh, 2001). Two main reasons are 
responsible for this problem. One is that transitional flow patterns are difficulty to categorize. 
The other one is that some researchers have observed more detail about some flow patterns 
using advanced camera, based on which some typical flow patterns can be divided into two or 
more types. In this work, a classic classification will be adopted, in which six main typical 
flow patterns are included, i.e. bubbly flow, Taylor flow (slug flow), Taylor-annular flow 
(Taylor-annular flow), annular flow, churn flow and dispersed flow. And these flow patterns 
can be depicted respectively in a flow regimes map with gas and liquid superficial velocities 
(UGS and ULS) as coordinates according to the flow conditions, as shown in Figure 1-1 (Shao 
et al., 2009). 
 





Main two-phase flow patterns in microchannels have been reported by many researchers. 
For instance, Triplett et al. (1999) investigated air-water two-phase flow in circular and 
semi-triangular microchannels, and several typical two-phase flow patterns were observed, as 
shown in the Figure 1-2.    
Bubbly flow occurs at high ULS and low UGS, with discrete and irregular bubbles 
dispersed in bulk liquid with bubble diameters smaller than channel size.   
Slug flow (Taylor flow) is a quasi-regular flow pattern forming within a rather large 
range of intermediate ULS and UGS. The length of elongated gas bubbles in slug flow is larger 
than channel diameter. Gas bubbles are separated by the liquid slugs in the axial direction, and 
a liquid film also form separating the bubbles from channel wall. Usually, the lengths of gas 
slug and liquid slug are constant in slug flow. 
Slug-annular flow (Taylor-annular flow) is characterized by the liquid slugs in slug 
flow just broken through by the gas flow, in which gas bubbles are elongated and finally 
merge into a continuous gas core flow surrounded by a liquid film where large-amplitude 
waves appear. 
Annular flow appears when the gas superficial velocity is excessively high and 
relatively low ULS. Annular flow is morphologically similar to slug-annular flow, except that 
the liquid film is ring-like along the channel wall and no large-amplitude waves appear. 
Churn flow is usually considered as a flow patterns developed from slug flow with 
increasing of ULS and UGS, which is characterized by the disruption in trailing ends of gas 
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bubbles and dispersion of tiny gas bubbles into the liquid phase as shown in the Figure 1-2 (c) 
or by the liquid film disturbed at high UGS and small liquid drops appearing in the gas core as 
shown in the Figure 1-2 (d). 






Another main two-phase flow pattern did not appear in Triplett’s investigation, which is 
dispersed flow. Due to extremely high ULS and UGS, the clear photo of dispersed flow is 
rarely reported. The Figure 1-3 is only a picture which conveys basic meaning of dispersed 
flow, of which the major characteristic is that most of the liquid phase entrained into gas 
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Besides these main flow patterns, there are transitional patterns, i.e. bubble-train slug 
flow (Chen et al., 2002; Yue et al., 2008), slug bubbly flow (Liu and Wang, 2008a), 
slug-churn flow, unstable slug flow (Yue et al., 2008), slug-annular-churn flow (Simmons et 
al., 2003) etc. Bubble-train slug flow is also regarded as one type of unstable flow, developed 
from slug flow by increasing gas superficial velocity. In this flow pattern, gas bubbles are 
elongated and the some liquid slugs between bubbles become thin liquid film, even broken, 
then bubble-train formed. But there are still liquid slugs separate bubble-trains. With 
increasing of UGS in the bubble-train slug flow, slug-annular flow will occur. In a word, 
between main two-phase flow patterns, there always are transitional flow patterns, which can 
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1.2.3 Two-phase flow regime maps 
Two dimensional flow patterns maps are usually introduced to represent two-phase flow 
regimes and the transitional boundary between them with some appropriate hydrodynamic 
parameters as coordinates. The superiority of flow regime maps is that various flow patterns 
regions and the transition lines between them can be easily determined, and the effects of 
hydrodynamic parameters and physical properties can be expressed by using various 
coordinates.  
The most popular coordinates are ULS and UGS. Barajas and Panton (1993) and Triplett et 
al. (1999) exhibited flow regime maps based on their experiments using ULS and UGS as 
coordinates, as shown in Figure 1-5, from which it can be noted obviously that the transition 
lines shift with the variation of channel size, channel section shape and wetability of channel 
wall.  
 






A regime map using ULS and UGS as coordinates was also reported by Hassan et al. 
(2005). They studied air-water two-phase flow patterns in horizontal small channels with 
diameters of 3.0, 1.0 and 0.8 mm, and then summarized extensive existing experimental data, 
finally established a universal regime maps as depicted in Figure 1-6, in which the difference 
of terminology was eliminated and appropriate deviation was acceptable.     
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Other dimensionless numbers were also employed as coordinates to draw two-phase 
flow regime maps, with the aim to obtain a universal flow regime map. For instance, Su 
number ( 2H L Ldσ ρ µ ) and ReGS/ReLS were used by Jayawardena et al. (1997) as coordinates, 
WeGS and WeLS by Zhao and Rezkallah (1993) and Akbar et al. (2003), WeG and WeL by 
Rezkallah (1996), 7 0.2 0.410 Re ( / )LS LS S HWe k d and 0.2 0.4ReGS GSWe by Waelchli and Rudolf von 
Rohr (2006) ( / Hk d is the relative roughness of microchannel), as well as void fraction used 
by Zhao and Rezkallah (1993), Bousman et al. (1996) and Cubaud and Ho, (2004).  
The flow regime map proposed by Akbar et al. (2003), which was exhibited in Figure 
1-7, is noteworthy for that it have given some reasonable physical explanation. In a flow 
regime map using Weber numbers as coordinates inspired by the maps of Zhao and Rezkallah 
(1993) and Rezkallah (1996) for two-phase flow under microgravity, Akbar et al. (2003) 
summarized flow regime transitions in literature and considered that Weber numbers were 
more appropriate coordinates than ULS and UGS. They divided the flow regime map into four 
regions: the surface tension-dominated region (large and elongated bubble flow or so-called 
slug flow), the inertia-dominated region 1 (annular flow and wavy-annular flow or 
Chapter 1: Literature Review 
16 
slug-annular flow), the inertia-dominated region 2 (dispersed flow) and the transition region. 
The proposed flow regime map could predict well the experimental data obtained by some 
researchers using air-water two-phase flow in horizontal channels with diameters about 1 mm, 






However, in spite of so many flow regime maps were proposed, no one could represent 
all parameters influencing gas-liquid flow in microchannel. Moreover, Shao et al. (2009) 
found that the universal flow regime maps using ULS and UGS as coordinates had good 
prediction accuracy with experimental data examined from comparison with several universal 
flow regime maps in their study. They also pointed out that effects of other important 
parameters, i.e. channel diameter, surface tension, liquid viscosity, wettability of channel wall, 
were not reflected on the transition lines by using ULS and UGS as coordinates. Such 
parameters were included when using dimensionless numbers as coordinates, but that led to 
obvious deviation, because effects of such parameters on each transition lines were various. 
For example, the effects of surface tension on the flow patterns in surface tension-dominated 
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region are greater than that of inertia-dominated region. Therefore, more experimental work 
should be conducted and more reasonable flow regime maps are still needed to develop for 
universal prediction of two-phase flow patterns in microchannels. 
 
1.2.4 Effects of channel diameters and liquid properties on two-phase flow patterns 
Channel size is considered as the most influencing factor on gas-liquid flow patterns in 
microchannels. Coleman and Garimella (1999) conducted experiments in capillaries with 
diameters from 1.3 mm to 5.5 mm to investigate the effect of capillary diameter on air-water 
flow patterns. They found that with decreasing capillary diameter the transitions from slug to 
bubbly, from slug to slug-annular and from slug-annular to dispersed flow shifted to higher 
UGS and ULS, whereas the transition from slug-annular to annular and from annular to 
dispersed flow seemed to be independent on capillary size. Zhao and Bi (2001) investigated 
air-water flow in triangular channels with hydraulic diameter of 0.866, 1.443 and 2.886 mm. 
They observed that when channel size decreased the region of slug flow extended, i.e. the 
transition from slug to churn and to dispersed-bubbly flow shifted to higher UGS and ULS. 
Meanwhile, the dispersed bubbly flow region shrank, even unobservable in 0.866 mm channel. 
Flow patterns in circular microchannels were also investigated by Chung and Kawaji (2004). 
They found that the flow regimes in smaller channels (di = 100 and 50 µm) were very 
different with respect to those in larger ones (di = 530 and 250 µm), and special flow patterns 
such as slug-ring, ring-slug and semi-annular flow were observed. Chen et al. (2006) found 
that the transition boundaries from slug to churn and from churn to annular flow depend 
strongly on tube diameter. The Weber number ( 2 HU dρ σ ), which is generally used to 
measure the relative importance of the fluid’s inertia compared to its surface tension, might be 
the appropriate parameter to reveal the size effect. Yue et al. (2008) investigated CO2-water 
flow in rectangular channels (dH = 0.2, 0.4, 0.667 mm) and reported the extension of slug flow 
to higher UGS velocities with decreasing channel size. However, other transition boundaries 
seemed not to follow certain trend. There are a lot of other researches on this subject but a 
general agreement of how the channel size exactly affects the two-phase flow patterns is still 
lacking. 
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Besides the channel size, liquid physical properties such as density, liquid viscosity and 
surface tension may also have significant influences on two-phase flow patterns in 
microchannels (Akbar et al., 2003; Rebrov, 2010; Shao et al., 2009). Many researchers 
attempted to implement experiments using various liquids as working fluid to investigate this 
subject. To list some, Suo (1963) and Suo and Griffith (1964) proposed to use dimensionless 
numbers such as Reynolds number and Weber number to identify the transition boundary 
from slug flow to bubbly flow. Yang and Shieh (2001) found that the surface tension played 
an important role for the transitions from slug to bubbly flow and from slug to annular flow. 
Similar tendency was also reported by Haverkamp et al. (2006). Waelchli and Rudolf von 
Rohr (2006) proposed a dimensionless group ( 0.2 0.4Re We ) to identify the flow pattern 
transitions. Good agreement was found with their experimental data. However, detail and 
exact effect of each influencing factor has not been discussed. Pohorecki et al. (2008) 
investigated the effects of contact angle and liquid surface tension. The transition from slug 
flow to annular flow shifted to lower UGS at high values of contact angle and surface tension. 
Yang et al. (2010) observed that the rheological properties of non-Newtonian fluid 
significantly influenced the two-phase flow patterns. Noteworthy that Cubaud et al. (2006) 
observed uncommon flow patterns, i.e. foam flow when surfactant was used to modify the 
surface properties of water. Detail characteristics of these studies are tabulated in Table 1-3. 
Based on the literature, we may conclude that for almost all the existing experiments, the 
effects of viscosity, surface tension and density were mixed. Effective comparisons are 
lacking so that how each factor exactly influences the two-phase flow patterns can not be 
clearly revealed. Moreover, as pointed out in the reviews of Akbar et al. (2003), Rebrov (2010) 
and Shao et al. (2009), the available experiments data on the effects of liquid physical 
properties and common understanding are still rare. Systematic and well-designed 
experiments are still in need to explain fundamental gas-liquid transport mechanisms. 









 H: Horizontal; V: Vertical. 
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1.2.5 Two-phase pressure drop in microchannels 
Two-phase pressure drop is one of the most important hydrodynamic aspects of 
gas-liquid flow not only in common tubes, but also in mini/micro channels, which is an 
essential element for design of gas-liquid two-phase reactors and other processes in chemical 
industry, as well as others gas-liquid systems, such as boiling and condensation in pipes. 
Generally, two main methods are used to predict the pressure drop of gas-liquid two-phase 
flow in common tubes, i.e. homogeneous mixture model and separated flow model (Collier 
and Thome, 1994) (more detailed introduction about these two type models will be given in 
Chapter 3). However, in the mini/micro size channels, due to the reduction of the channel size, 
the effects of surface tension, confinement of channel wall and two-phase interaction on the 
two-phase pressure drop increase (Choi et al., 2011; English and Kandlikar, 2006), leading to 
the inapplicability of the traditional pressure drop prediction models. The homogeneous 
mixture model have been proved to be not appropriate prediction model for gas-liquid 
pressure drop in mini/micro channels by many researchers (Niu et al., 2009; Su et al., 2010; 
Yue et al., 2004), because interaction between gas and liquid flow is not considered. Recently, 
many researchers found that separated flow model could predict well the two-phase pressure 
drop in their experiments after modification, and various modified separated flow models 
were proposed (Chen et al., 2007; Choi et al., 2008; English and Kandlikar, 2006; Hwang and 
Kim, 2006; Kawahara et al., 2009; Mishima and Hibiki, 1996; Lee et al., 2010; Lee and Lee, 
2001; Li and Wu, 2010; Ma et al., 2010; Niu et al., 2009; Qu and Mudawar, 2003; Saisorn and 
Wongwises, 2010; Su et al., 2010; Yue et al., 2004; Yue and Mudawar, 2005; Zhang et al., 
2010). But up to now, general agreement on this issue is still lacking, much more 
experimental work is required to give a more reasonable and universally applicable prediction 
model. Actually, it is known that separated flow model is based on the assumption that gas 
and liquid phase flow separately in the tube with each phase flowing continuous and 
occupying a sector of the pipe cross section. Therefore, separated flow model should be more 
suitable to predict the two-phase pressure drop in mini/micro channels under some flow 
patterns, i.e. churn flow, slug-annular and annular flow, but not bubbly or Taylor flow, 
because that the gas phase is obviously discontinuous and the motion of liquid film vary from 
that of liquid slug in bubbly or Taylor flow. 
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On the other hand, Taylor flow can be regarded as a steady process due to it consists of 
several or a lot of unit cells (one bubble, the liquid film surrounding the bubble and one slug) 
which are almost identical. Therefore, it is possible to build accurate physical model to 
calculate the two-phase pressure drop of the Taylor flow. As early as 1961, Bretherton 
theoretically studied the motion of gas bubbles at small Reynolds number in small size tubes 
using a lubrication analysis, forming a contribution to the issue predicting the profile of the 
gas bubbles and the rise rate of gas bubbles in vertical capillaries. Based on the assumptions 
that surface tension was well-defined and no tangential stress on the gas-liquid interfacial, 
inertia forces was negligible, and tube wall was perfect wettable with sufficiently thin liquid 
film surround the gas bubbles, he found that the pressure drop over the bubble caps in the 
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σ∆ =                                 (1.9) 
Computer simulation was another method used to study the Taylor flow in the 
microchannels. Kreutzer et al. (2005a, 2005b) used CFD (Computational Fluid Dynamics) to 
calculate the two-phase pressure drop of Taylor flow in circular capillaries. They considered 
that the contribution of bubbles could be calculated as a part of the total frictional pressure 
drop of Taylor flow across the channel, based on the assumption that for the infinitely long 
liquid slugs, the pressure drop was equal to the frictional pressure drop of liquid single phase 
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The contribution of gas bubble to pressure drop could be represented by an additional 
factor ξ  within the friction factor f: 
 ( )64 1
Reliquid
f ξ= +                                   (1.11) 
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By assuming inertia was negligible (Ca << 1 and We << 1).  
According to the experimental measurements using air as gas phase and three various 
liquid (water, decane and tetradecanea) as liquid phase, Kreutzer et al. (2005a, 2005b) found 
that 0.33a = ,  0.07b =  for Re 50>  and 0.17b =  for Re 50≤ ( 0.002 0.04Ca< < , 
8 / 12S iL d< < ), respectively. Walsh et al. (2009) performed experimental study on the 
pressure drop of Taylor flow in mini scale capillaries, employing water, FC 40, dodecane, AR 
20 Si oil and n-Hexane as liquid phase (1.58 Re 1024< < , 0.0023 0.2Ca< < ), and found that 
prediction of the model proposed by Kreutzer et al. (2005a, 2005b) with the fitting parameter 
0.12b =  corresponded well with their experimental data. However, Yue et al. (2009) carried 
out experiments on gas-liquid two-phase flow in rectangular microchannels (dH: 200 and 400 
m), and noted that when the liquid slugs were very short, the frictional pressure drop of 
Taylor flow in microchannels was significantly higher than the predictions of Kreutzer’s 
correlation, caused by the inadequacy of the model to describe the excess pressure drop of the 
inner circulation in liquid slugs. They modified appropriately Kreutzer’s correlation to 
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frictional factor which was adopted in the analysis on the apparent frictional factor for the 
hydrodynamically developing flow in non-circular ducts (Muzychka and Yovanovich, 1998; 
Shah and London, 1978) toξ . Besides two-phase pressure drop, the effects of inlet on Taylor 
bubble formation (Shao et al., 2008), Taylor flow formation mechanism (Santos and Kawaji, 
2010), Taylor bubble size and shape, liquid film thickness and velocity field (Liu and Wang, 
2008b) also could be simulated and calculated by using CFD. But the thorough understanding 
of fundamental knowledge of Taylor flow is still lacking, for instance, the exact mechanism of 
two-phase pressure drop and others important parameters of Taylor flow are still not clear, and 
more theoretical study, numerical simulation and well-designed experimental measurements 
are deadly required.    
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1.3 Two-phase mass transfer and reaction in microreactors 
1.3.1 Two-phase mass transfer in microreactors 
For gas-liquid absorption or reaction process, especially for fast and highly exothermic 
reactions, the absorption or reaction rate is usually limited by the gas-liquid mass transfer. 
Heat and mass transfer enhancement is one of the most important advantages of microreactors. 
Due to the reduction of the channels size to the order of tens or hundreds micron meter, the 
specific interfacial area of the microreactors is significantly larger than that of common 
reactors, which not more than 200 m2/m3 (Ehrfeld et al., 2004), generally. Yue et al. (2007) 
measured two-phase specific interfacial area of rectangular microchannels (dH: 200 and 400 
m) during the absorption of CO2 in the water, NaOH and Na2CO3/NaHCO3 solutions, and 
found that the specific interfacial area reached as high as 9000 m2/m3. In addition, the liquid 
side volumetric mass transfer coefficient (kLai) could achieve 21 s-1, more than one hundred 
times larger than that of traditional gas-liquid contactors. Yeong et al. (2004) experimentally 
investigated the nitrobenzene hydrogenation in a gas-liquid falling film microreactor (64 
straight parallel channels with width of 300 m, height of 100 m and length of 78 mm). The 
specific interfacial area was 9000-15000 m2/m3 and kLai was 3-8 s-1, significantly higher than 
that of common reactors. The absorption of H2S in MDEA (methyldiethanolamine solution) 
was performed in circular microchannels (di: 0.56, 1.00 and 1.80 mm) by Su et al. (2010), 
during which the specific interfacial area could be larger than 11100 m2/m3. Niu et al. (2009b) 
implemented the experiments to study the absorption of CO2 in the MDEA in a circular 
microchannel (di: 1.00 mm). The kLai was found extremely high and increasing with gas flow 
velocity and liquid flow velocity, and could achieve 3.34 s-1. Losey et al. (2001) reported that 
the kLai would achieve 5-15 s-1 when the hydrogenation of cyclohexene in their micro 
packed-bed gas-liquid reactor with ten reactor chambers (width: 625 m; depth: 300 m; 
length: 2 cm) packed by catalytic particles as shown in Figure 1.8, hundreds times magnitude 
larger than standard laboratory-scale reactors.    
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The flow patterns were considered to affect the mass transfer in gas-liquid microreactors. 
Hessel et al. (2000) carried out experimental study on this issue in a rectangular microchannel 
with a width of 300 m and a height of 100 m. They measured the specific interfacial area 
by using the absorption of CO2 in the sodium hydroxide solution, and the example values are 
tabulated in Table 1-4, which also can be found in Völkel’s thesis.  
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Flow regime bubbly slug annular 
ai m
2/m3 5100 18700 25300 
 
It can be noted in the Table 1-4, the largest specific interfacial area of the microchannel 
would reach in the annular flow.  
On the other hand, many researchers believed that slug flow or named Taylor flow was 
the most interesting condition for gas-liquid mass transfer, due to the enhancement of 
molecular transport between gas-liquid interface and liquid bulk led by the recirculation 
motion in the liquid slug, which had been confirmed by simulation (using CFD; Liu and Wang, 
2008b) and visual studies using particle image velocimetry (PIV; Günther et al., 2004; Günther 
et al., 2005; Günther et al., 2006; Thulasidas et al., 1997; Trachsel et al., 2005; Waelchli and von Rohr, 
2006). The mass transfer of Taylor flow in microchannels was numerically and experimentally 
studied (Liu et al., 2009; Liu and Wang, 2011; Van Baten and Krishna, 2004; Vandu et al., 
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2005). It was considered that the kLai was significantly affected by the detailed parameters of 
Taylor flow, i.e. bubble length, bubble velocity, liquid slug length, and liquid film thickness, 
with which the prediction of two-phase mass transfer should be possible.  
 
1.3.2 Gas-liquid reaction in microreactors 
Due to the superior advantage in gas-liquid mass transfer and reaction, gas-liquid 
microreaction technology has attracted increasing academic interesting, and extensive 
exploratory work have been implemented to perform gas-liquid reactions in microreactors.  
Jähnisch et al. (2000) experimentally investigated the direct fluorination of toluene in 
falling film micro reactor (Figure 1-9) and micro bubble column reactor (Figure 1-10) using 
elemental fluorine, and compared the results with that of a common laboratory bubble column, 
as shown in Figure 1-11. Extremely large specific interfacial area was obtained, as large as 
14800 m2/m3 for a micro bubble column reactor and 27000 m2/m3 for a falling film micro 
reactor. The superior heat transfer performance ensured the safety during the fluorination. It 
could be seen from Figure 1-11 that conversion, selectivity and space-time yield of 
microreactors were obviously higher than that of common laboratory bubble column. Such 
great performance of microreactors in direct fluorination also has been reported by de Mas et 
al. (2005).   
















Chambers et al. (1999, 2001, 2005a, 2005b, 2005c) studied the direct fluorination of 
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various organic compounds in microchannels using elemental fluorine, rather high conversion 
and selectivity was obtained. For example, for the direct fluorination of para-nitrotoluene, 
very high conversion (44-77%) was obtained, corresponding to the maximum space-time 
yield of 78%.    
Halder and Lawal (2007) performed the hydrogenation of anthraquinone derivative in 
microchannel reactor, which was generally considered as a reaction limited by mass transfer. 
The space-time yield reached 1100 gH2O2·gPd-1·h-1 due to the enhancement of mass transfer in 
microchannels, tens times magnitude higher than conventional reactors.  
Inoue et al. (2007, 2009, 2010a, 2010b) implemented the investigation of direct synthesis 
of hydrogen peroxide from hydrogen and oxygen in microreactors, using H2/D2 and O2/N2 as 
gas phase, and mixture of sulfuric acid, phosphoric acid and sodium bromide solution as 
liquid phase. By using Pd/C hydrogenation catalyst, the space-time yield could achieve 5.78 
gH2O2·gPd-1·h-1, similar with that of anthraquinone process, but with more simple production 
process.  
Beside the reaction mentioned above, there were also others various reactions 
investigated in microreactors, i.e. nitrobenzene hydrogenation (Yeong et al., 2004), 
chlorination and bromination of organic compounds (Löb et al., 2004), photochemical 
chlorination of alkyl aromatics (Ehrich e al., 2002), catalytic asymmetric hydrogenation 
(Abdallah et al., 2004, 2006). In all the previous researches, microreaction technology has 
showed a great potential in gas-liquid reaction, and will certainly be introduced in the 
gas-liquid industrial processes in the near future. 
1.4 Conclusions 
From the above review, it is revealed that the hydrodynamics characteristics of gas-liquid 
two-phase flow, such as flow patterns, pressure drop and mass transfer, in microchannels with 
inner diameter less than 1 mm vary from that of conventional gas-liquid contactors. Moreover, 
the potential of microreactors in gas-liquid chemical process have been demonstrated, for its 
superior advantages in mass transfer and reaction performance. Although extensive dedicated 
work have been implemented, general agreements on the fundamental knowledge of 
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gas-liquid microreaction system are still lacking, and systematically researches are urgently 
required to provide theoretical guidance for the design of gas-liquid microreaction system. 
Some important issues need to uncover and can be identified as follows: 
(1) Gas-liquid two-phase flow in microchannels. It mainly include the formation 
mechanism of two-phase flow patterns and the transition between them, as well as the 
influence of channel size, liquid physical properties, channel surface properties, etc., on 
two-phase flow patterns.  
(2) Two-phase pressure drop in microchannels. Two-phase pressure drop in 
microchannels is rather different from that of larger tubes, reasonable theoretical mechanism 
and prediction model need to be founded. It was reported that the two-phase pressure drop 
was highly depended on flow patterns, which also need deeply studied.  
(3) Gas-liquid reaction in microchannels. Although many exploratory work have been 
conducted to investigate gas-liquid reaction in microreactors, more various gas-liquid reaction 
system need to be performed in microchannels to provide empirical guidance for practical 
application of microreaction technology in gas-liquid reaction process.  
 
Consequently, the following chapters of this thesis will focus on the gas-liquid two-phase 
hydrodynamics and reaction characteristics in microchannels. The microchannels employed in 
the present thesis is on the order of hundreds microns with circular cross-section. This thesis 
consists of following main parts. To begin with, we give a short overview on the current 
research status of gas-liquid microreaction technology in Chapter 1. Then, in Chapter 2 
gas-liquid two-phase flow pattern will be systematically investigated, special emphasis will be 
put on the influence of channel size and liquid properties. The existing transition model will 
be examined and a new model will be proposed. Moreover, Chapter 3 will concentrate on 
two-phase pressure drop in microchannels. In which, the dependence of two-phase pressure 
drop on gas-liquid flow patterns will be discussed and the pressure drop in inertia-dominated 
region will be deeply studied. Furthermore, Chapter 4 is concerned with Taylor flow in 
microchannels. The detailed characteristics of Taylor flow, i.e. Taylor bubble length and void 
fraction will be analyzed, as well as the formation mechanism of the Taylor bubble. The 
pressure drop of Taylor flow will also be discussed. In Chapter 5, gas-liquid reaction will be 
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experimentally investigated using the oxidation of hydrogenated 
2-ethyltetrahydroanthraquinone (THEAQH2) as model reaction. Finally, the key finding 
achieved in the present thesis will be summarized at the end of the present thesis, as well as 
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This chapter is mainly concerned with gas-liquid two phase flow patterns in horizontal 
circular microchannels. In this chapter, Nitrogen-water two-phase flow in three horizontal 
circular microchannels (di = 302 µm, 496 µm and 916 µm, respectively) have been 
experimentally investigated. The flow patterns and flow pattern maps will be exhibited and 
compared to investigate the effects of channel size on the flow patterns and their transition. In 
addition, the influences of liquid physical properties, i.e. surface tension and viscosity on 
gas-liquid flow patterns in circular microchannel (di = 496 µm) will also be discussed. The 
results obtained will be compared to appropriate transition models in literature. Finally, 
transition criteria based on the present experimental data will be proposed with the aim of 
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2.1 Experimental set-up 
2.1.1 Test rig 
As shown in Figure 2-1, the experimental setup constructed for this study is composed of 
a test section, gas and liquid circuits and the data acquisition system. Precise pumps were 
used to control the liquid flow in the microchannel. The pulse of the pump was maximally 
reduced by installation of a back-pressure regulator and two buffer tanks, so that constant 
flow rate and steady flow in the microchannel could be achieved. The temperature of liquid 
was maintained constant at 25°C for all the tests by using a water bath. Flow rate of gas was 
controlled and adjusted by mass flow controllers. A Y type junction connected with the 
downstream microchannel was prepared for the pre-contact of gas and liquid. To visualize and 
record the two-phase flow patterns in the microchannels, a high speed camera was installed at 
a side of the test channel, with background illumination provided by two homemade LED 
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2.1.2 Test section  
Three microchannels with different diameters (302 µm, 496 µm, and 916 µm) have been 
used, all of them having circular cross-section and the same length (10 cm). For convenience 
of visualization, these microchannels were made of quartz glass, and fabricated through 
precise hot-stretching by “Verre et Séparation Technologies S.A.”, Lyon, France. The Y 
junction through which gas and liquid were fed to the main microchannel was made of 
Plexiglas. The microchannel was glued carefully with the Y junction to ensure the smooth 

























(mN/m) 25°C k n 
Nitrogen N2 28 - 1.25 0.018 - 0.018 1 
Demineralized 
Water H2O 18 - 997 0.89 72.0 0.89 1 
Ethanol C2H5OH 46 - 789 1.11 21.5 1.11 1 
0.0608 998 0.89 49.8 0.89 1 Aqueous 
solution  of 
SDS 
NaC12H25SO4 288 
0.2610 1000 0.90 39.6 0.90 1 
0.0464 998 1.27- 1.76 72.0 0.0025 0.93 
0.1262 998 2.02 – 2.88 72.1 0.0042 0.92 
Aqueous 
solution  of 
CMC 
(NaC8H11O7)m 90000 
0.2446 1000 2.61 – 3.87 72.2 0.0059 0.91 
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2.1.3 Working fluids  
One of the objectives of the present study is to investigate the effects of the liquid 
physical properties on the gas-liquid flow patterns in microchannel. Therefore, demineralized 
water, ethanol and a series of aqueous solution of CMC (Sodium carboxymethyl cellulose)and 
SDS (Sodium dodecyl sulfate) were employed in the tests. Nitrogen was selected as gas phase 
in all the tests for its good stability. The physical properties of liquids used and the rheological 
parameters of the CMC solutions are listed in Table 2-1. 
 
CMC was selected as thickener, for that low CMC concentration would change the liquid 
viscosity significantly, keeping other physical properties almost constant. SDS was chosen as 
surfactant to vary the surface tension of the liquid phase, while keeping other physical 
properties constant at very low concentration. Three CMC solutions (0.0464%, 0.1262%, and 
0.2446% CMC) and two SDS solutions (0.0608% and 0.2610% SDS) have thus been 
employed as liquid flow phase, whereas demineralized water and ethanol of which the surface 
tension is just one third of water’s, were also used as reference case.  
 
In fact, the aqueous solution of CMC is a type of non-Newtonian liquid, of which the 
viscosity changes with the shear rate. The rheological characteristics can be described in the 
form of power-law equation (Barnes, 2000; Yang et al., 2010): 
( )nkτ γ=   and 1( )nkµ γ −=                               (2.1)  
where τ  is the shear stress, µ  the viscosity, γ  the shear rate. k and n are the 
consistency coefficient and the power-law index, respectively. In the present work, the 
effective viscosity values were obtained by measuring the pressure drop of non-Newtonian 
fluids single flow according to the velocity in the circular microchannel (Barnes, 2000), 








∆ = ⋅	 A
	 A
B C
                                 (2.2) 
In which, Q is the volumetric flow-rate, r0 the radii and L the length of the microchannel.  
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For certain non-Newtonian fluid whose k and n are constant when temperature is invariable, 
we defined the parameter k’ as: 
1 1
0
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                      (2.4) 
Combining Eqs. 2.2-2.4, we obtain: 
'
n
LP k U∆ =                                          (2.5)  
In this work, k’ and n could be obtained through a least square regression of the 
experimental data, and then the k was obtained from Eq. 2.4.  
 
2.1.4 Parameters measurement and uncertainty analysis 
The flow-rates of gas and liquid and absolute pressure at the inlet of gas flow were 
measured. Gas flow-rate was controlled by a mass flow controller (AALBORG GFC17 or 
BROOKS SLA5850S1). The experimental range is 0.3 - 500 mL/min, corresponding to a UGS 
from 0.028 to 74.5 m/s. Liquid flow-rate was controlled by a precise pump (ELDEX 2HM or 
SHIMADZU LC-20AD). The experimental range is 0.1 – 32.6 mL/min, corresponding to a 
ULS from 0.008 to 2.77 m/s. The ranges of UGS and ULS were as large as possible to observe 
more flow pattern transitions and to give more information about the hydrodynamic 
characteristics in microchannel. 
 
To measure the pressure drop in the microchannel, a pressure transducer (KELLER PR 
21s) was installed on the gas flow side at the inlet of Y type junction. The pressure at the 
outlet of the microchannel was atmosphere pressure. To eliminate the effects of inlet and 
outlet, experiments were also implemented in the TC II(Figure 2-2B) under the same 
experimental conditions. The data redaction of pressure drop followed the method described 
in detail in references (Yue et al., 2008, 2009 ).    
Gas-liquid flow patterns were visualized and recorded by a fast camera (Fastcam, PCI 
Chapter 2: Gas-liquid Flow Patterns in Circular Microchannels 
46 
R2). The camera lens used in the experiments was PENTAX 25mm F/1.4 coupled with a 10 
mm extension loop. The CCD camera was operated at a frame rate of 500 fps and a shutter 
speed of 1/70000s, and it was connected to a personal computer via a special software 
interface (Photron FASTCAM Viewer) for storing image information. Details about the 




Parameter Device Range Unit Precision 
Liquid flow 
rate 
ELDEX 2HM pump 
SHIMADZU LC-20AD pump 
0-40  
0-10  mL/min 
1% 
1% 
Gas flow rate 
AALBORG GFC17 mass flow 
controller 







transducer KELLER PR 21s pressure transducer 0-500 kPa 0.5% full scale 
Viscosity  PROLABO-PARIS falling ball 
viscometer - - 1%  
Surface tension PROLABO-PARIS LECOMTE du NOUY  Tensiometer  0-140 mN/m 1% full scale 
Camera Fastcam, PCI R2 high speed camera - - - 

 
For convenience of comparison, all the tests were carried out at 25 °C to avoid the 
variation of fluid physical properties with temperature. For each measurement, it took about 
10 to 20 minutes for the stabilization of two-phase flow. Good reproductivity was observed 
(less than ±5% variation). Table 2-3 gives the working conditions of the present study. 
 
In the present work, the measurement errors have been analyzed following the method 
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=                                    (2.8) 
Therefore, the relative uncertainties of the gas and liquid superficial velocities, Re 
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               (2.11) 
The calculation indicates the uncertainty of 1.7% for the flow velocity, 1.9% for 
Reynolds number and 3.2% for the Weber number. 2.21% for Capillary number can be also 
obtained following this method. It should be claimed that the uncertainty of liquid properties 
depends on the measured accuracy of temperature; the correlations to describe them and the 
uncertainty of channel diameter depend on the measuring method. Here, the uncertainty of gas 






496 Channel inner diameter, di (µm) 
916 
Temperature, (°C) 25 
Pressure drop (kPa) 1 – 399 
Liquid superficial velocity, ULS (m/s) 0.008 - 2.8 
Gas superficial velocity, UGS (m/s) 0.028 – 74.5 
Liquid Reynolds number, ReL 0.84 - 1558 
Gas Reynolds number, ReG 0.98 - 1510 
Liquid Weber number, WeL 3.1 × 10-4 - 50.5 
Gas Weber number, WeG 5.4 × 10-6 - 33.6 
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2.2 Flow patterns and flow regime maps in horizontal circular 
microchannel with a Y junction 
2.2.1 Nitrogen-water flow – Influence of channel size 
The hydrodynamic characteristics of Nitrogen-water flow have been investigated in three 
circular microchannels. The typical gas-liquid flow patterns which were generally reported in 
the existing literature, i.e. bubbly flow, slug flow, churn flow and annular flow, were also 
observed, as shown in Figures 2-3A-C.  
 
In microchannel, bubbly flow is characterized by shell bubbles dispersed in the 
continuous liquid phase, of which the shape is often distorted spherical because of high liquid 
velocity, and the axial length is generally smaller than the channel diameter (Shao et al., 2009; 
Triplett et al., 1999). As shown in Figures 2-3A(a), B(a), C(a), bubbly flow occurs at 
relatively high ULS and very low UGS. Dispersed bubbly flow, which characterized by the gas 
phase dispersed in cluster of bubbles scattering in continuous liquid phase and the bubbles 
size is much smaller than the channel diameter (Yang et al., 2010), was not observed, due to 
relatively small channel size and ULS.. When the ratio UGS/ULS increases, the bubble size 
grows up and reaches the channel diameter, and the axial length extend gradually. Eventually 
slug flow develops.  
   Slug flow is also known as Taylor flow, plug, segmented, intermittent, bubble-train or 
elongated flow (Shao et al., 2009). It is characterized by elongated gas bubbles (gas slug) with 
axial length larger than the channel diameter and separated by the liquid slugs in the axial 
direction, and usually the lengths of gas slug and liquid slug are constant. When the ULS is 
relatively low, the gas slugs have regular shapes including smooth body and near-spherical 
nose and tail (Figs 2-3A(b), B(b)). When ULS and UGS increase, the shape of gas slugs deforms 
like bullet with flattened tail and projecting nose (Figure 2-3B(c), C(b)). 
 
With increasing UGS at relatively low ULS, the gas slugs are elongated and merge due to 
the increasing mixture volumetric flux, and slug-annular flow (Figure 2-3A(c), B(e), C(e)) is 
established, also called Taylor-annular flow (Shao et al., 2009) or wavy-annular flow 
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(Coleman and Garimella, 1999). In this flow pattern, gas core is surrounded by a liquid film 
in which large-amplitude solitary waves appear frequently. Slug-annular flow looks like that 
the gas flow just break through the liquid slug or the waves do not grow sufficiently to block 
the channel. With further increasing UGS, the large-amplitude solitary waves gradually 
disappear and annular flow is formed.  
Generally, annular flow occurs at excessively high UGS and relatively low ULS. 
Continuous gas flowing through the channel center is surrounded by continuous ring shape 
liquid film along the channel wall (Figure 2-3A(d), B(f)) (Triplett et al., 1999). In non-circular 
channels, the liquid phase is concentrated at the corners (Shao et al., 2009; Zhao and Bi, 
2001).    
    At high UGS and ULS, churn flow is formed in the channel, which is generally considered 
as a transitional flow pattern between slug flow and inertia dominated dispersed flow (Shao et 
al., 2009). This flow pattern is generally in two forms, with very chaotic structure. One form 
is unstable gas slugs leading to the disruption in their trailing ends and dispersion of tiny gas 
bubbles into the liquid phase (Figure 2-3A(f), B(h)). The other is that liquid film is disturbed 
at high UGS and small liquid drops appear in the gas core (Figure 2-3C(h)).  
   Under our experimental conditions, dispersed flow characterized by small liquid droplets 
dispersed in gas core and liquid film lost the contact with channel wall, was not observed in 
these channels. Indeed, it is reported that dispersed flow is rarely observed in microchannels 
with hydraulic diameter smaller than 1 mm (Shao et al., 2009).  
Meanwhile, two transitional flow patterns, namely slug-bubbly flow and unstable slug 
flow were observed. Slug-bubbly flow characterized by most of gas slugs followed by one or 
more gas bubbles is considered as a transitional pattern from bubbly flow to slug or to 
unstable slug flow with increasing UGS at relatively high ULS, as shown in Figures 2-3B(d) and 
C(c). The unstable slug flow characterized by variable gas and liquid slug length, even 
sometimes two or more gas bubbles merge to form bubble-train slug (Chen et al., 2002) or 
even with a segment of slug-annular flow, is considered as a transitional flow pattern between 
slug and slug-annular flow or churn flow, as shown is Figure 2-3C(d).  
Another flow pattern rarely reported, namely the wavy flow, was also observed. Instead of 
a continuous liquid film, the liquid exits just in one side of the channel, and form unstable 
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wavy at gas-liquid interface due to very high UGS, as shown in Figures 2-3A(e) and B(g). 
Barajas and Panton (1993) considered that this flow pattern is related to the wetting properties 
or contact angle between the liquid and channel wall, channel contamination and amount of 
liquid in presence. 
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Figure 2-4 indicates the influence of channel size on the two-phase flow regime maps in 
microchannel. It can be observed that the regions of slug and unstable slug flow become 
wider when channel size decreases. Later transitions occur from slug to churn, to slug-annular 
and to bubbly flow. This trend may be explained in three aspects. Firstly, the smaller the 
channel size is, the more difficult to form bubbly flow due to more energy needed to disperse 
the gas phase in gas bubbles with smaller volume. Secondly, the liquid slug is more difficult 
to break through due to the high surface tension, which is dominant in smaller channels. 
Thirdly, churn flow is generally considered as a chaotic flow, which appears under higher 
Reynolds number conditions. Therefore, the smaller the channel is, the higher values of gas 
and liquid velocities are required for the transition from slug flow to churn flow. This 
tendency is also reported by Akbar et al. (2003), who divided two-phase flow regime into four 
parts, i.e. surface tension-dominated region (bubbly, slug flow), inertia-dominated region 1 
(slug-annular and annular flow), inertia-dominated region 2 (dispersed flow) and transition 
zone. The effect of surface tension on two phase flow increases with the decreasing of channel 
size, and that leads to the larger region of surface tension-dominated flow.  
Wavy flow is observed for all three channels, and its region becomes wider with 
increasing channel size. In our tests, the liquid film in the horizontal microchannel was 
asymmetry due to the gravity effect, i.e. the liquid film near the upside of the channel was 











2.2.2 Nitrogen-CMC solution horizontal flow in circular microchannel – influence of viscocity 
     Three solutions with different CMC concentrations (0.0464%, 0.1262%, and 0.2446%) 
were employed to study the influence of liquid viscosity on the gas-liquid flow patterns in 
microchannel with diameter of 496 µm.  
 
According to Spisak (1986), the effective viscosity of non-Newtonian liquid flow can be 














                                   (2.12) 
Where k and n are the rheological parameters listed in the Table 2-1. Therefore the effective 
viscosity values of working liquid can be obtained, as indicated in Figure 2-5.  





     
Typical flow patterns, i.e. bubbly flow, slug flow, slug-annular flow, annular flow and 
churn flow, were observed whereas slug-bubbly flow, capillary bubbly flow and dispersed 
flow did not appear. In particular, wavy flow has not been observed for 0.2446% CMC 
solution. It was also found that some detail characteristics are different with respect to 
Nitrogen-water system in the same microchannel. For example, with increasing CMC 
concentration, the thickness of liquid film of slug-annular flow increases. This is due to the 
higher liquid viscosity, for that when gas flow breaks through the liquid slug, more driving 
force is needed and thicker liquid film will be formed at the same UGS. 
 
Figure 2-6 shows the influence of the liquid viscosity on the gas-liquid flow regime 
maps. For all these working liquids, the transition from slug to bubbly flow occurs at almost 
the same UGS and ULS, implying that the liquid viscosity does not have much influence on this 
transition.  
     It should be noted that the increasing liquid viscosity leads to lower value of ReL, which 
in turn causes the transitions from slug-annular or annular to churn flow occurring at higher 
ULS. One may also observe the later transitions from slug to slug-annular or to churn flow at 
higher ULS, because that higher UGS lead to the increase of actual UL in the microchannel. 
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In the present work wˈith increasing liquid viscosity, the region of wavy flow reduces or 
even disappears under high liquid viscosity condition (0.2446% CMC solution). It is the wavy 
flow, with high UGS and very little amount of liquid in presence, occurs when the thickness of 
liquid film decreases below a certain limit. And the thickness of liquid film is considered to 
increase with the liquid viscosity and to decrease with surface tension under the same ULS and 
UGS (Bretherton, 1961). Therefore, the higher the liquid viscosity is, the smaller the wavy 






2.2.3 Nitrogen-SDS solution and Nitrogen-ethanol horizontal flow in circular microchannel – 
influence of surface tension 
Two SDS solutions with different concentrations and ethanol were used as working 
liquid in this study. For the Nitrogen-SDS solution flow, typical flow patterns such as bubbly 
flow, slug flow, wavy flow and churn flow could be identified. In addition, some distinct flow 
patterns that were not observed in other two-phase systems, i.e. foam-slug (Figure 2-7(a)), 
foam-slug-annular (Figure 2-7(b)) and foam annular (Figure 2-7(c)) were observed. 
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Foam-slug flow is similar to slug flow, but contains foams in both liquid and gas slugs. 
Similarly, foams occur in liquid film and gas body in slug-annular flow, thus forming the 
foam-slug-annular flow. With increasing UGS, foam-annular flow is developed. In this flow 
pattern, foams exist in the gas core but not present in the liquid film. Churn flow is formed in 
the channel at relatively high UGS and ULS. Unlike other two-phase systems, in which one 
phase disperses into another phase body because of high inertia, a lot of foam occurs in liquid 
body and gas core, as well as at gas-liquid interface. At relative high UGS (ULS > 3m/s), the 
foams hold the entire liquid slug, and much higher pressure drops are measured, three times 
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     It is known that the surfactant, especially anionic surfactant such as SDS is usually a 
foaming agent. The SDS molecule, like all the other anionic surfactant molecules, has 
hydrophilic head and hydrophobic tail, and they will migrate to the liquid surface to minimize 
the surface potential energy of the system by accumulating at the liquid-gas interface. This 
effect activates the formation of foams and the force of repulsion between the ionized 
molecular head and tail can keep the foam stable (Rosen, 2004). For the slug-annular, annular 
and churn flow, the gas-liquid interface is very large but unstable due to the high gas 
velocities. Therefore, stable foams are formed in the Nitrogen-SDS solution flow. This 
phenomenon may be useful for chemical process in which large gas-liquid interface is needed, 








Typical flow patterns were also observed in the Nitrogen-ethanol system. However, 
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detail features of flow patterns may be different from Nitrogen-water system. For example, 
the gas bubbles deviate from the centre of the microchannel, and closer to the upper side of 
the channel (Figure 2-8(a)), which may be related to the buoyancy of the gas bubbles and the 
decrease of the liquid surface tension  More asymmetry was observed in slug-annular flow 
(Figure 2-8(b)) (Li and Wang, 2003). In addition, slug-bubbly flow and wavy flow were not 
observed. 
 
Figure 2-9 displays the comparison of two-phase flow regime maps for working fluids 





In spite of the disturbance caused by the presence of foams, it is obvious that the regions 
of slug and unstable slug flow reduce with decreasing surface tension, The bubbly flow is 
easier to form at lower surface tension since the surface energy needed to form and elongate 
small gas bubbles decreases. The earlier transition from slug to slug-annular flow is mainly 
because that the liquid phase is easier to break through because of the decreasing surface 
tension. Earlier transition from slug to churn flow occurs at lower surface tension. However, 
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for the transitions between slug, slug-annular and churn flow, the influence of surface tension 
can not be well identified due to the disturbance of foams. Wavy flow region also reduces 
with decreasing surface tension, even not observed in ethanol case. According to Bretherton 
(1961), the liquid film thickness increases with decreasing surface tension, therefore wavy 
flow region is smaller when surface tension is lower. These observations correspond well to 
the “zone divisions” proposed by Akbar et al. (2003). 
2.3 Comparison with existing flow regime maps and available transition 
criteria 
2.3.1 Comparison with existing flow regime maps  
The flow pattern maps of the nitrogen-water system are compared with three existing 
flow regime maps, i.e. that of Triplett et al. (1999), of Yang and Shieh (2001) and of Hassan et 
al. (2005). These three flow pattern maps are selected because they are all based on the 
systematic experiments of two-phase horizontal flow in microchannels, which are close to the 
present work. In experiments of Triplett, air and water were used as working fluids, and the 
test channel was circular with di = 1.097 mm. As shown in Figure 2-10(A), the regime map of 
Triplett agrees well with ours for the regions of bubbly, slug and annular flow, with the 
exception for the transition from slug-annular and annular to churn flow. This difference may 
be caused by different experimental conditions, such as temperature, or by the differences in 
gas liquid inlet conditions, channel diameter and fabrication. Good agreement was also found 
in comparison with Hassan’s flow map (Figure 2-10(C)). However, it can be noted from 
Figure 2-10(B) that the Flow regime map of Yang and Shieh (2001) does not correspond well 
with the present regime maps.    
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2.3.2 Comparison with available transition criteria 
Many transition models have been proposed by researchers to predict the flow pattern 
transitions in small channels. Here, we choose two transition models, that of Akbar et al.(2003) 
and that of Waelchli and Rudolf von Rohr (2006), for reason that the channel size and fluid 
properties considered are close to our work. 
 
a) Comparison with the transition model of Akbar et al. (2003) 
Akbar et al. (2003) suggested that the Weber number ( 2 HWe U d ρ σ= ) is more 
appropriate to be used as coordinate to predict the flow regime transitions:  
Surface tension dominated zone: 
For 3.0LSWe < :  
0.3150.11GS LSWe We<                    (2.13) 
For 3.0LSWe > :  1.0GSWe <                           (2.14) 
Annular flow zone: 
0.1411.0GS LSWe We>  and 3.0LSWe <                      (2.15) 
Dispersed flow zone:  
3.0LSWe >  and 1.0GSWe >                             (2.16) 
The comparison between Akbar’s model and the present flow regime maps using Weber 
number as coordinates are displayed in Figures 2-11(A)-(C). It can be noted that the Akbar’s 
model can well predict the annular flow region under all experimental conditions, but it is not 
the case for other flow patterns. Note that the dispersed flow in Akbar’s model, which occurs 
at higher gas and liquid velocities than churn flow, was not observed in the present work. 
According to the “zone division” of Akbar et al. (2003), the transition flow zone consists 
slug-annular flow, a part of unstable slug flow and a part of churn flow. In addition, the 
surface tension dominated zone includes bubbly flow, slug and plug flow. As a result, the 
Akbar’s transition model seems to be acceptable for predicting the transitions of flow 
patterns.  
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Also note that Weber number is more appropriate to be used as coordinates than 
superficial velocities, for that the effects of surface tension and channel diameter can be taken 
into account. But it fails to reveal the effect of liquid viscosity on two phase flow patterns, as 
shown in Figure 2-11(B). 

b). Comparison with the transition model of Waelchli and Rudolf von Rohr (2006) 
Waelchli and Rudolf von Rohr (2006) suggested that 0.2 0.4
, ,
ReG L G LWe  be used as 
coordinates, and it showed good agreement with their experimental results. As expressed in 
Eq. (2.17), 0.2 0.4
, ,
ReG L G LWe can be considered as a transformation of ,G LU , with additional 
factors adapted to the variation of fluid physical properties and channel diameters.        
0.23 3
0.2 0.4
, , , , ,2
,
Re HG L G L G L G L G L
G L




= →	 A	 A
⋅B C
           (2.17) 
Figure 2-12 shows a comparison of Waelchli and Rudolf von Rohr’s model with our 
experimental results. Several features may be observed. Firstly, the transition lines of the 
model are in poor agreement with the present experimental data. Secondly, the effect of 
channel diameter on two phase flow patterns can be well revealed by using 0.2 0.4
, ,
ReG L G LWe  
as coordinates, as show in Figure 2-12(A). However, they may not be appropriate to predict 
the influences of liquid physical properties.  
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2.4 Transition criteria based on the present experimental data 
Based on the above discussion, it can be concluded that the effects of channel size and 
liquid physical properties on the gas-liquid flow patterns in microchannels are significant. The 
existing transition models can not properly correlate our experimental data. As a result, we try 
to propose here a new transition model. 
 
For the two-phase flow patterns transition in the circular horizontal microchannels, it can 
be known that the influence factors that should be taken into account are fluids viscosities, 
µL,G, surface tension, , superficial velocities, ULS,GS, channel inner diameter, di, channel 
surface roughness, ks (in the present study, the microchannels were fabricated through precise 
hot-stretching and very clean giving: ks = 0.001 mm), and fluids densities, L,G. The influence 
of temperature is not considered for that all the experiments are conducted under 25 °C. Using 
-theorem (the detail can be found in Waelchli and Rudolf von Rohr, 2006; Zlokarnik, 1983), 
six dimensionless groups can be obtained as follows: 































A function f can be expressed based on the dimension analysis for the flow patterns 
transition boundaries as: 
 (Re ,Re , , , , ) 0L G L G raf Ca Ca δ µ =                       (2.18) 
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Usually, f is an exponential function which can only be extracted from experimental 
results, and we used the form for the present study as: 
3 5 6 7 81 2 4
0 Re Re
c c c c cc c c
L L ra G G rac Ca Caδ µ δ µ=                 (2.19) 
 
According to Eq. (2.19), when the transition lines of all the gas-liquid systems are 
plotted in the figures, 5 6 7 8Re c c c cG G raCa δ µ can be used as x-axis and 31 2 4Re cc c cL L raCa δ µ as 
y-axis, as shown in Figure 2-13. According to the experimental data, a parameter-variation 
yields the exponents as follows. 
For transition from bubbly to slug flow: 
x-axis: 0.3 0.7 0.4ReG GCa δ −  (the value in the present work: from 0.0026 to 5.085) 
y-axis: 0.3 0.7 0.4 0.4ReL L raCa δ µ− −  (from 0.0054 to 2.30) 
For transitions from slug flow to churn and slug-annular flow: 
x-axis: 0.3 0.7 0.4 0.2ReG G raCa δ µ− −  (from 0.0015 to 2.80) 
y-axis: 0.3 0.7 0.4 0.6ReL L raCa δ µ− −  (from 0.0025 to 0.95) 
For transitions from churn to slug-annular and annular flow: 
x-axis: 0.9 0.1 0.2ReG GCa δ  (from 0.077 to 174.7) 
y-axis: 0.9 0.1 0.2 0.5ReL L raCa δ µ  (from 2.06 to 1058) 
 
Because of different flow mechanism, three transitions are discussed separately. It can be 
noted that in the transitions from churn to slug-annular and annular flow, the exponent of Ca 
is 0.1, smaller than other two transitions. It indicates that the influence of surface tension is 
less important under higher gas velocities. It also can be noted that all the axis are 
proportional to UGS and ULS, e.g., Eq. (2.20) and Eq. (2.21). It can be considered as additional 
factors which relate the channel size and liquid physical properties are used to correct UGS and 
ULS. 
0.3 0.7 0.4 0.7 0.4 0.3 0.7ReG G i G G GSCa d Uδ µ ρ σ− −=                  (2.20) 
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0.3 0.7 0.4 0.4 0.7 0.4 0.3 0.7ReL L ra i G L LSCa d Uδ µ µ ρ σ− − −=              (2.21) 
All the transitions are plotted in Figure 2-13(A)-(C) and good agreement is observed. 
Note that for the transitions from slug to slug-annular flow and from churn to slug-annular 








We admit that the transition criteria presented here are based only on the experimental 
data obtained in the current work, without the effective comparison with others, thus may lack 
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of universality at this stage. However, the aim of this effort is not to claim that our model is 
better than the previous ones, because the available experiments data in literature on the 
effects of liquid physical properties are still rare. And the present model is far from complete, 
i.e. other influencing factors such as temperature, channel section, orientation, channel surface 
characteristics and inlet structure are not considered, which is also the subject of our ongoing 
work, as well as further refinement of the model by comparison with others. 
2.5 Conclusions 
Gas-liquid flow in horizontal circular microchannels with diameter of 302 µm, 496 µm, 
and 916 µm was experimentally investigated. Special emphasis has been put on the influences 
of channel size and liquid physical properties on gas-liquid flow patterns. Flow pattern maps 
were constructed and compared with existing models in literature in order to discuss the 
transition trends from one flow pattern to another. A new model was proposed which takes the 
effects of channel size and liquid physical properties into account. Based on the analysis and 
discussions above, we list the main observations as follows: 
(1). Typical flow patterns, i.e. bubbly, slug, slug-annular, annular and churn flow were 
observed during all the tests. In addition, transitional flow patterns, such as bubbly-slug and 
unstable-slug flow as well as wavy flow also appeared. Dispersed bubbly flow and dispersed 
flow were not observed. 
(2). Channel size influences the two-phase flow patterns remarkably. With decreasing 
channel diameter, the transitions from slug to bubbly flow, to churn and to annular flow occur 
at higher UGS and ULS. In other words, the surface tension dominated region as defined by 
Akbar et al. (2003) widened.  
(3). Liquid physical properties (viscosity and surface tension) have obvious effects on 
two-phase flow patterns. On one hand, when liquid viscosity increases, the transitions from 
slug to churn and to slug-annular flow happen at higher UGS and ULS, while the transition to 
bubbly flow remains almost unvaried. On the other hand, the smaller the surface tension is, 
the earlier the transitions from slug to bubbly flow, to churn flow and to slug-annular flow, 
which can be considered as shrinkage of surface tension dominated region. 
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(4). The flow pattern maps presented by Triplett et al. (1999) and by Hassan et al. (2005) 
correspond well to our experimental results. However, the maps of Yang and Shieh (2001) are 
in poor agreement with the present results.  
(5). The Akbar’s transition model can only predict the transition from slug-annular to 
annular flow under our tested conditions. The transition model proposed by Waelchli and 
Rudolf von Rohr (2006) can not well predict the present flow regime maps either.  
(6). A new model which considers the effects of channel size and liquid physical 
properties is proposed. Three empirical correlations are proposed for predicting the transitions 
from slug to bubbly flow, from slug to churn and slug-annular flow, and from churn to 
slug-annular and annular flow, respectively. 
 
Gas-liquid two phase pressure drop characteristics will be presented in the next chapters, 
in which the main trend of pressure drop with the UGS and ULS and the dependent of pressure 
drop on the two-phase flow patterns will be presented. The pressure drop characteristics of 
pressure drop in the inertia-dominated region and that in surface tension-dominated region 
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As an extension of the study presented in the last chapter on gas-liquid flow patterns in 
horizontal circular microchannel, this chapter mainly concentrates on the characteristics of 
two-phase pressure drop, and of course its dependency on two-phase flow patterns.  
The experimental results show that the two-phase pressure drop in microchannels is 
highly flow pattern dependent, and the main trend can be divided into three regions: bubbly 
and slug flow region (surface tension-dominated), unstable flow region (transitional region) 
and slug-annular, annular and churn flow region (inertia-dominated region), and will be 
exhibited in this chapter. The two-phase pressure drop data in inertia-dominated region will 
be compared with many existing homogeneous-flow models and Lockhart-Martinelli models 
using various Chrisholm parameter (C) correlations. And an effort will be made for proposing 
a modified Lockhart-Martinelli model in which the effects of channel diameter and liquid 
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3.1 Introduction 
Pressure drop, one of the most important hydrodynamic aspects of gas-liquid flow, is an 
essential element for the design of two-phase processes in the chemical industry and others 
gas-liquid systems, i.e. boiling and condensation in pipes. Two methods are generally used to 
predict the pressure drop of gas-liquid flow, i.e. homogeneous mixture model and 
separated-flow model (Collier and Thome, 1994).  
 
Homogeneous mixture model, also named homogeneous-flow model, is a simple model 
which assumes that gas and liquid flow have identical velocity, thus can be considered as a 
single phase flow with two-phase mixture density and viscosity (Holland and Bragg, 1995; 
Lee et al., 2010). Generally, in homogeneous-flow model, the two-phase frictional pressure 
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The two-phase Darcy friction factor tpf  is a function of two-phase mixture Reynolds 
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in which tpµ  is two-phase mixture viscosity, which is the key parameter for 
homogeneous-flow model. Different expressions for tpµ  have been proposed, as tabulated in 
Table 3-1. For two-phase flow in mini- or microchannel, several authors found that the 
homogeneous-flow model could well predict the pressure drop based on their experimental 
results ((Agostini et al., 2008; Choi et al., 2008; Liu and Wang, 2008; Saisorn and Wongwises, 
2008; Triplett et al., 1999; Ungar and Cornwell, 1992) while others also found that the 
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On the other hand, many researchers preferred using separated-flow model to predict the 
two-phase pressure drop in mini or microchannels, since the interaction between two phases 
was considered, which would be significant when the channel size is in the mini or micro 
scale (Choi et al., 2011; English and Kandlikar, 2006). The most widely used separated-flow 
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model was proposed by Lockhart and Martinelli (1949). They used two-phase friction 
multiplier to relate the two-phase frictional pressure drop to the single-phase frictional 
pressure drop, expressed as: 





φ φ     = =	 A 	 A 	 A
B C B C B C
                    (3.6) 
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                              (3.7) 
The most widely used correlation to calculate the two-phase frictional multiplier was 






φ = + +                                      (3.8) 
In which, C is the Chisholm parameter. Combining Eqs.3.6-3.8 yields: 
fri fri fri fri fri
sep L L G G
dP dP dP dP dP
C
dZ dZ dZ dZ dZ
         
= + +	 A 	 A 	 A 	 A 	 A
B C B C B C B C B C
                 (3.9) 
From Eq. (3.9), it can be known that the two-phase frictional pressure drop based on 
Lockhart-Martinelli model is composed of three parts: the liquid phase pressure drop, the gas 
phase pressure drop and the pressure drop caused by the interaction between liquid and gas 
phase. Thus, the C parameter can be considered as a parameter dealing with two-phase 
interaction. Chisholm and Laird (1958) first gave out four C-values depending on the gas and 
liquid flow conditions (whether the flows are turbulent or laminar) for two-phase flow in 
common size tubes. Later, Mishima and Hibiki (1996) found that the value of Chisholm’s 
parameter would decrease with decreasing tube diameter when they investigated the 
two-phase flow in the circular small tubes, and they proposed a C-value correlation related to 
tube diameter. After that, extensive investigations were carried out to study two-phase flow 
pressure drop characteristics in mini or microchannels, and many modified C correlations 
were proposed, as listed in Table 3-2. Most of the C correlations were related to channel 
diameter and dimensionless numbers, i.e. Reynolds number, Weber number or confinement 
number. Recently, more and more researchers considered that the C-value depended 
dramatically on the fluid physical properties and channel diameter (English and Kandlikar, 
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2006; Kawahara et al., 2009; Ma et al., 2010). Meanwhile, we have discussed in detail in the 
last chapter the significant influences of liquid physical properties and channel diameter on 
the two phase flow pattern. Consequently, the two-phase pressure drop in microchannels is 
highly related to the gas-liquid flow patterns, as also reported by other authors (Cheng et al., 
2008; Choi et al., 2010, 2011; Moreno Quibén and Thome, 2007a, b; Rebrov, 2010). 
Nevertheless, this relationship has not been considered in most of two-phase pressure drop 
models. 
 
Based on the experimental results obtained in the last chapter, a typical trend of 
two-phase pressure drop highly related to the two-phase flow patterns in the microchannel 
will be depicted in this chapter. Three flow regions will be defined according to flow patterns, 
i.e., surface-tension dominated region, transitional region and inertia-dominated region. Then 
the experimental pressure drop results in the “inertia-dominated region” will be compared to 
various existing predictive methods, and the influences of channel size and liquid physical 
properties on the C-value will be deeply discussed and exhibited. Finally, a modified 
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3.2 Experimental condition and data reduction 
The experimental setup, the geometry of the test section and the experimental procedures 
has been described in detail in the last chapter. The method for uncertainties analysis was also 
presented in the last chapter, and in this work the estimated maximum uncertainty was 1% for 
pressure drop measurements, 1.7% for flow velocity, 1.9% for Reynolds number and 3.2% for 
the Weber number. The uncertainties made by instruments and error in measured channel 
dimensions were also taken into account.  
 
In the present work, the experiments were implemented in the test section shown in the 
Figure 2-2 of the last chapter. Two-phase flow in three circular microchannels made in quartz 
glass with diameters of 302, 496 and 916 µm and identical length of 10 cm, was investigated 
in this study. Generally, the total two-phase pressure drop consists of three parts: the 
gravitational pressure drop (static pressure drop), the acceleration pressure drop (momentum 
pressure drop) and the frictional pressure drop:  
TP fri acc graP P P P∆ = ∆ + ∆ + ∆                              (3.10) 
Since the experiments were conducted in the horizontal microchannel, thus: 
0graP∆ =                                            (3.11) 
and 
fri TP accP P P∆ = ∆ − ∆                                    (3.12) 
And the two-phase acceleration pressure drop is given by (Yan, 2007): 
2 2
2 (1 ) (1 )
(1 ) (1 )
e e e e
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    
− −∆ = + − + 	 A 	 A
− − B C B C 
           (3.13) 
In which, G is total two-phase mass flux defined as: 
LS L GS GG U Uρ ρ= +                                   (3.14) 
And Gε  is the void fraction. In literature, many correlations were proposed to estimate the 
void fraction of two-phase flow in horizontal pipes. Among them, two typical correlations 
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were widely used: 
Armand’s correlation (Armand, 1946): 
0.833Gε β=                                        (3.15) 







                                      (3.16) 






ε β= −                                     (3.17) 
Many researchers found that the Armand’s correlation can well predict the gas void 
fraction in microchannels under a wide range of experimental conditions, especially under 
slug flow (Taylor flow) (Choi et al., 2011; Kawahara et al., 2009; Serizawa et al., 2002; 
Warnier et al., 2008; Yue et al., 2008; Zhao and Bi, 2001). Some researchers also reported that 
when the channel diameters are smaller than 150 µm, the Kawahara’s correlation shows better 
agreement with the experimental results (Chung and Kawaji, 2004; Kawahara et al., 2002; 
Saisorn and Wongwises, 2010). In this work, actually, no matter which correlation is used to 
estimate the void fraction for the data reduction of two-phase pressure drop only very small 
error would remain because accP∆  is very small compared to TPP∆  (less than 1.9% under all 
experimental conditions). Since the diameters of three microchannels employed in present 
work are 302, 496 and 916 µm, Armand’s correlation is more suitable and adopted in the data 
processing of the present work. 
3.3 Dependence of pressure drop on the flow regimes 
It is reported that the gas-liquid two-phase pressure drop in a mini or microchannel 
depends on the flow regimes (Cheng et al., 2008; Choi et al., 2011; Jassim and Newell, 2006; 
Moreno Quibén and Thome, 2007a, b; Nino et al., 2002; Nino et al., 2006; Rebrov, 2010). 
Nino et al. (2002) conducted experiments of the two-phase pressure drop using a variety of 
fluids in two multi-port microchannels with hydraulic diameters of 1.54 mm and 1.02 mm. 
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They found that two-phase pressure drop was highly flow-regime dependent and proposed 
models for intermittent flow (bubbly flow and slug flow) regime and annular flow regime, 
respectively, to predict the pressure drop in multi-port microchannels. However, the inevitable 
problem of gas and liquid flow maldistribution between multi-channels may make their model 
unsuitable for single mini or microchannel. Based on experiments using nitrogen-water as 
two-phase system in rectangular microchannels with hydraulic diameters of, 143, 322 and 490 
µm, Choi et al. (2011) found that the typical trend of two-phase pressure drop could be 
divided into three regions: (a) the bubbly, slug and elongated bubble flow regimes; (b) the 
multiple flow regimes (transitional regime); (c) the liquid ring flow regime. In the first and 
third regions, the pressure drop increased with the increasing gas superficial velocity (UGS), 
whereas a reverse tendency was observed in transitional regime, which could be caused by the 
collapse of the elongated bubbles. Unfortunately, they did not propose a reasonable two-phase 
pressure drop model taking this typical trend into account.  
 
In the present study, a typical trend of pressure drop similar to that of Choi et al. (2011) 
was also experimentally observed, as shown in Figure 3-1. For all working liquids used in the 
present experiments and liquid superficial velocity (ULS), the results show the same trend 
which can also be divided into three regions according to flow patterns:  
Region I: The bubbly and slug flow (the slug flow in the present paper includes slug and 
elongated bubble flow in Choi’s paper) region. In this region, the UGS was relatively low, and 
the two-phase pressure drop increased with increasing UGS. 
Region II: The unstable slug flow region or transitional region. The unstable slug flow, 
which was similar to the multiple flow in Choi’s paper, is a transitional flow pattern between 
slug flow and slug-annular or churn flow. The two-phase pressure drop does not increase 
obviously with UGS, but shows some instability in this region.  
Region III: The slug-annular, annular (liquid ring flow in Choi’s paper) and churn flow 
region. The UGS is relatively high, and two-phase pressure drop increases monotonously with 
the UGS, but with a higher increasing rate with respect to region I.  
 
Inspired by the region division theory of Akbar et al. (2003) for two-phase flow regime 
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map in microchannel, in which flow map was divided into four regions: the surface 
tension-dominated region (including bubbly and slug flow), inertia-dominated zone 1 
(including annular and slug-annular or so-called wavy-annular slow), inertia-dominated zone 
2 (dispersed flow) and transition zone, the three pressure drop regions in the present work can 
be rewritten according to the flow mechanisms as:  
Region I: The surface tension-dominated region. 
Region II: The transitional region.  
Region III: The inertia-dominated region. 
 
Since each region has its dominating driven-force and proper flow mechanism, the 
two-phase pressure drop in each region will be treated separately. In this chapter, only that in 
inertia-dominated (region III) will be discussed, by comparing our experimental data with 
the predicted two-phase pressure drops using various homogeneous-flow models and 
Lockhart-Martinelli models. The study of pressure drop in the surface tension-dominated 
region (region I) will be presented in the following chapter.   
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3.4 Two-phase pressure drop in circular horizontal microchannel in 
inertia-dominated region (slug-annular, annular and churn flow regimes)  
For convenience to analysis the departure of the predicted values from the experimental 
results, mean relative deviation and the percentage of points falling within the relative 
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= ×                          (3.19) 
 
3.4.1 The comparison of experimental results with existing homogeneous-flow model 
correlations 
The measured two-phase pressure drop of three two-phase flow systems 
(nitrogen-ethanol, nitrogen-0.2446%CMC solution and nitrogen-water) in circular 
microchannel with diameter of 496 µm were compared with various homogeneous-flow 
models, as shown in Figure 3-2. The mean relative deviation between experimental data and 
predicted results, and the percentage of points falling within the relative deviation of 30% are 
tabulated in Table 3-3. It can be observed that the predictions of McAdams et al. (1942) and 
Beattie and Whalley (1982) are the best among homogeneous-flow models, and the others 
absolutely fail in prediction for two-phase flow in microchannels, as also reported by other 
researchers (Choi et al., 2008; Niu et al., 2009; Pamitran et al., 2010; Saisorn and Wongwises, 
2008; Su et al., 2010; Triplett et al., 1999). However, it can be observed from Table 3-3 that 
even for the predictions of the McAdams’ or Beattie and Whalley’s model, the mean relative 
deviations from measured results are rather high and no more than 56.25% points fall within 
the relative deviation of 30%. Therefore, the homogeneous-flow model may not be the proper 
method to predict the two-phase pressure drop in the inertia-dominated region, for it 
postulates that the gas phase has the same velocity as liquid and the interaction between two 
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 Two-phase systems 
 Nitrogen-ethanol  Nitrogen-0.2446%CMC solution  Nitrogen-water 
Homogeneous-flow 
correlations 
 Em (%) P30% (%)  Em (%) P30% (%)  Em (%) P30% (%) 
McAdams et al. 
(1942)  35.16 37.50  30.51 52.75  31.09 56.25 
Cicchitti et al. (1960)  693.6 0  1546 0  653.6 0 
Owens (1961)  997.2 0  2079 0  1093 0 
Dukler et al. (1964)  60.64 0  59.15 0  50.73 4.46 
Beattie and Whalley 
(1982)  31.96 48.86  30.52 50.55  37.52 22.32 
Lin et al. (1991)  120.0 15.90  89.89 27.47  96.96 21.43 
Awad and Muzychka 
(2010)  374.4 1.14  706.5 0  341.5 1.79 
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3.4.2 The comparison of experimental results with existing Lockhart-Martinelli model 
correlations  
The mean relative deviation between experimental two-phase pressure drop data in the 
inertia-dominated region and predicted results of the Lockhart-Martinelli models using 
various C correlations, and the percentage of points falling within the relative deviation of 
30% are tabulated in Table 3-4. It can be noted that Lockhart-Martinelli models using C 
correlations of Chisholm (1958), Yue et al. (2004), Kawahara et al. (2009) and Lee et al. 
(2010) have better agreement than others for relative lower (%)mE  and higher 30% (%)P . The 
comparison of the measured two-phase pressure drop data with the predicted results of these 
four models is also depicted in Figure 3-3. Although remarkable departure is found between 
the predicted results and the present experimental data, and a lot of points do not fall within 
the relative deviation of 30%, the Lockhart-Martinelli model seems to have more potential 
with respect to the homogeneous-flow model. Thus, a modified Lockhart-Martinelli model 
with a new C correlation will be proposed based on the experimental data of the present work. 
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3.5 New correlation for modified Lockhart-Martinelli model 
 
In this section, the effects of channel diameter, liquid viscosity and surface tension on the 
two-phase pressure drop in circular horizontal microchannel were systematically and 
experimentally investigated, which will be discussed and a modified C correlation will be 
proposed to modify the Lockhart-Martinelli model.  
 
 
3.5.1 The influence of channel diameter 
Figure 3-4 shows the influence of channel diameter on the C-value under the same liquid 
velocity and liquid properties conditions. The C-value is obtained from the measured 
two-phase pressure drop, calculated by the following equation derived from Eq. (3.9): 
fri fri fri fri fri
meas L G L G
dP dP dP dP dP
C
dZ dZ dZ dZ dZ
          
= − − 	 A 	 A 	 A 	 A 	 A
 B C B C B C B C B C 
           (3.20) 
From Figure 3-4, it can be noted that the C-value increases with the channel diameter. 
This trend was also reported by many other researchers (Lee and Lee, 2001; Mishima and 
Hibiki, 1996). Actually, such trend is agreed by most of the researchers, which just can be 
derived from their C correlations. For example, the C correlation of Lee and Mudawar (2005) 
is expressed by:  
Laminar liquid-laminar vapor: 0.047 0.602.16 ReL LC We=                 (3.21) 
Laminar liquid-turbulent vapor: 0.25 0.231.45ReL LC We=                 (3.22) 
The Eq. (3.21) and Eq. (3.22) can be rewritten in the form:  
0.047 0.602 1.25 0.65 0.65
0.047 0.602.16 2.16
LS L H LS L H LS L H
L L
U d U d U dC ρ ρ ρ
µ σ µ σ
   
= =	 A 	 A
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        (3.23) 
0.25 0.232 0.71 0.48 0.48
0.25 0.231.45 1.45
LS L H LS L H LS L H
L L
U d U d U dC ρ ρ ρ
µ σ µ σ
   
= =	 A 	 A
B CB C
         (3.24) 
From Eq. (3.23) and Eq. (3.24), it also can be known that the C-value would increase with the 
channel diameter when other influence factors keep constant.  
 







3.5.2 The influence of liquid viscosity and surface tension 
The influences of liquid viscosity and surface tension on C-value in the 
inertia-dominated region are depicted in Figures 3-5 and 3-6. Note that in the last chapter, we 
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have shown that the dynamic viscosity of CMC aqueous solution increases with increasing 
CMC concentration. And at very low concentration, the other physical properties of these 
three CMC aqueous solutions such as surface tension and density are almost constant. 
Therefore, in Figure 3-5, the decreasing C-value with the decreasing CMC concentration 
indicates that the increasing liquid viscosity has a negative effect on C-value.  
     
Figure 3-6 shows the comparison between the C-value of nitrogen-water and that of 
nitrogen-ethanol two-phase flow in microchannel (di = 496 µm) at the same ULS. These two 
systems have close values of viscosity and density, but a large difference in surface tension: 
the surface tension of nitrogen-water system is more than three times higher than that of 
nitrogen-ethanol system. From Figure 3-6, it can be noted that the C-values of the two 
systems are almost identical, implying the insignificant influence of surface tension on the 
C-value. This phenomenon is just in correspondence with the two-phase flow mechanism of 
the inertia-dominated region, in which the inertia is significantly larger than the surface 
tension force. Consequently, it can be considered that the influence of surface tension on 
two-phase pressure drop (thus the C-value) would be very small with respect to that of inertia, 
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3.5.3 The proposal of new C correlation  
As discussed above, the Chisholm parameter C can be considered as a parameter which 
represents the interaction between the two phases. Therefore, the variables which have to be 
taken into account in the C correlation should be the superficial velocities ( LSU and GSU ), 
acceleration of gravity (g), the densities ( Lρ and Gρ ), their surface tension ( σ ), the 
viscosities ( Lµ and Gµ ), the channel angle of inclination with respect to the gravity force (θ ) 
and the channel diameter ( id ). Neglecting the effect of surface tension and gravity on C-value, 
and θ  equal to zero for horizontal flow, the effective variables are LSU , GSU , Lρ , Gρ , 
Lµ , Gµ  and id . By using -theorem, two dimensionless parameters can be proposed:   




=                                       (3.25) 
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=                                      (3.26) 
The C correlation for the two-phase flow in circular horizontal microchannel in the 
inertia-dominated region can be expressed as˖ 
(Re , Re )L GC f=                                     (3.27)  
by using a least square regression of all the experimental data of the present work, the Eq. 
(3.27) can be determined and rewritten as: 
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The comparison of measured two-phase pressure drop (in the inertia-dominated region) 
with predictions based on the modified Lockhart-Martinelli model using present proposed C 
correlation is shown in the Figures (3-7)-(3-9). The mean relative deviation of predicted 
results from the measured two-phase pressure drop in present work and the percentage of 
points falling within the relative deviation of 30% for the new correlation are presented in the 
last row of Table 3-4. It can be noted that the predictions of the new correlation show a very 
good agreement with the experimental data, for rather low Em, e.g. 7.41% for nitrogen-ethanol, 
7.97% for nitrogen-water, less than 12% for nitrogen-CMC solutions, and rather high P30%, 
e.g. 97.73% for nitrogen-ethanol, 99.11% for nitrogen-water, more than 94% for 
nitrogen-CMC solutions, and even 100% for nitrogen-water two-phase flow in the channel 
with diameter of 302 µm.  
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3.5.4 Verification of the modified Lockhart-Martinelli model using presently proposed C 
correlation  
The modified model proposed in the present work is verified with several groups of 
experimental pressure drop data in mini or microchannels reported in literature (Kawahara et 
al., 2002; Niu et al., 2009; Triplett et al., 1999; Yue et al., 2004), as shown in Figure 3-10. 
Although a lot of researches have been reported, the original data of two-phase pressure drop 
in mini or microchannel are difficult to obtain, and four groups of data are collected for 
verification. The minimum gas velocities of these data (UGS = 1.10 m/s for Triplett’s data; 
UGS = 8 m/s for Kawahara’s data; UGS = 2.85 m/s for Yue’s data; UGS = 1.75 m/s for Niu’s 
data) are determined according to the transition criteria proposed in the part I of this paper to 
ensure that the experimental results employed for verification fall within the 
inertia-dominated region. It is shown in Figure 3-10 that the present model can well predict 
the experimental data employed here, not only for circular microchannel, but also for 
rectangular microchannel (Em = 11.40% and P30% = 99.13% for Yue’s data). Good agreement 
between the predictions and these data also indicates that the present proposed model can 
well predict the effects of channel size (from 100 µm to 1.1 mm) and the liquid properties 
(Em = 15.44% and P30% = 100% for Niu’s data; and liquid physical properties of 
polyethylene glycol dimethyl ether at 20°C: 1.027Lρ =  kg/m3, 4.3Lµ =  mPays, 34σ =  
mN/m) on the two-phase pressure drop in the inertia-dominated region. 








Based on the analysis and discussions of the experimental data presented above, we list 
the major findings as follows: 
(1) The two-phase pressure drop was found highly dependent on the flow patterns, and 
the typical trend could be divided into three regions: (I) bubbly and slug flow regimes (the 
surface tension-dominated region); (II) unstable slug flow regime (the transition region); (III) 
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slug-annular, annular and churn flow regimes (the inertia-dominated region). It matches the 
Akbar’s division of entire gas-liquid two-phase flow pattern map in microchannels according 
to the two-phase flow mechanism.  
(2) Homogeneous-flow model cannot well predict the two-phase pressure drop in 
microchannels for that the interaction between two phases is not considered. 
Lockhart-Martinelli models using Chisholm parameter (C) correlations proposed by Chisholm 
(1958), Yue et al. (2004), Kawahara et al. (2009) and Lee et al. (2010) could provide better 
(but unsatisfied) predictions with respect to our experimental data. 
(3) The C-value increases with channel diameter and decreases with liquid viscosity. The 
influence of surface tension on C-value is inconspicuous in the inertia-dominated region. 
(4) A new and simple C correlation based on Reynolds numbers of gas and liquid was 
developed to modify the Lockhart-Martinelli model for prediction of the two-phase pressure 
drop in the inertia-dominated region. The predictions show very good agreement with our 
experimental data and others’ reported in literature.   
  
The study of pressure drop characteristics of gas-liquid flow in circular horizontal 
microchannels in the surface tension-dominated region will be presented in the next chapter, 
since the two-phase flow mechanisms in that region is rather different from that in the 
inertia-dominated region. New methods that differ from the current Lockhart-Martinelli 
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CHAPTER 4: HYDRODYNAMIC CHARACTERISTICS OF 
TAYLOR FLOW IN CIRCULAR MICROCHANNELS 
 
 
As a continuation of the study on the two-phase pressure drop in the inertia-dominated 
region in the last chapter, this chapter mainly deals with hydrodynamic characteristics of 
Taylor flow in circular microchannels, which is the major two-phase flow pattern in the 
surface tension-dominated region. In this chapter, the fundamental hydrodynamic 
characteristics of Taylor flow, such as Taylor bubble velocity, void fraction will be 
investigated, as well as the formation mechanism of the Taylor flow in the circular 
microchannels, especially, on which the effects of channel diameter and liquid properties will 
be presented. Furthermore, the two-phase pressure drop characteristics of Taylor flow will 
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4.1 Introduction  
In the last chapter, the two-phase pressure drop in the inertia-dominated region was 
systematically studied. As an extension, the hydrodynamic characteristics of surface 
tension-dominated region will be discussed in this chapter. As shown in the two-phase flow 
pattern maps, the two-phase flow patterns in the surface tension-dominated region, i.e. bubbly 
flow, slug flow or Taylor flow, take an important part, which is the most familiar two-phase 
flow pattern of all in the microchannels. In the present study, the bubbly flow is very similar 
to the Taylor flow in shape and in formation mechanism, except that the lengths of gas 
bubbles are shorter than that of Taylor flow. Therefore, this chapter mainly concerns the 
hydrodynamic characteristics of Taylor flow in circular microchannels.  
Many researchers (Günther et al., 2004; Thulasidas et al., 1997; Trachsel et al., 2005) 
found that the liquid phase axial back mixing would decrease significantly because of the gas 
bubbles in the Taylor flow, besides, the liquid phase radial mixing could be enhanced by the 
internal circulation in the liquid slug. In addition, gas-liquid reactions or gas-liquid-solid 
reactions would be improved due to the liquid film between the gas bubbles and the channel 
wall (Kreutzer et al., 2001; liu et al., 2009; Vandu et al., 2005). Consequently, it is generally 
agreed that Taylor flow have excellent performances in mass transfer and chemical reactions. 
Thus, the hydrodynamic characteristics of the Taylor flow, which is the fundamental 
knowledge to research the gas-liquid or gas-liquid-solid reaction performance in the 
microchannels, are worthy to deeply study.   
During the experiments described in the Chapter 2, besides investigating the effects of 
channel diameter and liquid physical properties on the two-phase flow pattern and pressure 
drop characteristics, the two-phase pressure drop in the Taylor flow region was also measured 
in three circular microchannels (di = 302, 496, 916 µm). In the meanwhile, the video of Taylor 
flow was also recorded by a high speed camera, based on which, important parameters of 
Taylor flow were measured, i.e. bubble velocities, the length of gas bubbles and liquid slugs. 
In this chapter, hydrodynamic characteristics of Taylor flow, such as Taylor bubble velocity, 
void fraction and two-phase pressure drop will be discussed, especially the effects of channel 
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diameter and liquid physical properties. The results will also be compared with the available 
prediction models, and the reasons responsible for the observed deviation will be analyzed.          
4.2 Results and discussion  
4.2.1 Taylor bubble velocity and void fraction 
Taylor bubble velocity is one of the most important parameters in the Taylor flow. Due to 
the liquid film between the gas bubbles and channel wall, Taylor bubble velocity is different 
from velocity of liquid slug. And many researchers considered that Taylor bubble velocity was 
related to the liquid slug velocity and Ca number in the microchannels. Based on the 
theoretical analysis of gas bubble’s motion in the small tube, Bretherton (1961) proposed the 
correlation as follow: 








                     (4.1) 
Where Ca < 0.003. Liquid slug velocity LiquidU  can be deduced from the volume continuity 
equation and equal to the sum of gas superficial velocity and liquid superficial velocity, 
described as:   
Liquid GS LS TPU U U U= + =                                (4.2) 
But Liu et al. (2005) found that the predictions of following correlation corresponded well 








                                    (4.3) 
Where 0.0002 < Ca < 0.003. However, according to the experimental investigation of 
air-water two-phase flow in the capillary with inner diameter from 1 to 4 mm, Mishima and 
Hibiki (1996) suggested that a simple linear correlation could predict well the experimental 
data, which expressed as:  
1.1B TPU U=                                          (4.4) 
In the present work, Taylor bubble velocities had linear relationship with the liquid slug 
velocities, which is very similar to Mishima’s correlation, as shown in the Figure 4-1.  
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From the Figure 4-1(a), it can be noted that the effects of channel diameter on the relationship 
between Taylor bubble velocities and liquid slug velocities are not obvious. As the discussion 
in the Chapter 2, it was known that the efficient viscosity of CMC solution would increase 
with the CMC concentration. Therefore, we can obtain that the effects of liquid viscosity are 
also so slight, even can be neglected, as shown in the Figure 4-1(b). However, there is 
significant observed deviation between such linear relationship of nitrogen-water and that of 
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nitrogen-ethanol two-phase flow system, which can be caused by the variation in the surface 
tension, two-phase interfacial properties and molecular polarity. But all the linear relationship 
can be expressed as: 
0B TPU C U=                                           (4.5) 
And for nitrogen-water, nitrogen-CMC solution two-phase flow system, 0 1.09C = ; for 
nitrogen-ethanol two-phase flow system, 0 1.71C = . The Eq. 4.5 can be more convenient for 
application for its simple form, but it still need more experimental verification, which will be 
our ongoing work in the future.  
 
Void fraction is another important parameter of two-phase flow. Caused by the difference 
between UB and UTP, the void fraction Gε  is different from superficial void fraction β , and 






ε =                                            (4.6) 
Generally, there are two type correlations to relate the Gε  to β , one is proposed by Armand 
(1946), given by: 
1




ε β= =                                 (4.7) 
Further rewritten as: 
0.833Gε β=                                          (4.8) 






ε β= −                                      (4.9) 
The comparisons between experimental data and the prediction of the Armand’s and 
Kawahara’s correlation are shown in the Figure 4-2, from which it can be noted that 
Kawahara’s correlation absolutely fails in predicting the present experimental results, and 
obvious deviation is observed when Armand’s correlation employed, although similar linear 
relationships are found. From Figure 4-2(a) and (b), it also can be obtained that channel size 
Chapter 4: Hydrodynamic Characteristics of Taylor Flow in Circular Microchannels 
113 
and liquid viscosities hardly affects void fraction in Taylor flow. For nitrogen-water and 
nitrogen-CMC solutions two-phase flow systems, Gε  almost equals to 0.917 β . However, 
the void fraction of nitrogen-water is obviously different from that of nitrogen-ethanol 
two-phase flow system, as shown in the Figure 4-2(c), which corresponds to the reason 
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4.2.2 Formation mechanism of Taylor bubbles 
The formation of Taylor bubbles have been confirmed to be highly dependent on two 
phase inlet conditions (Garstecki et al., 2005; Garstecki et al., 2006; Salman et al., 2006), 
which affected significantly on the Taylor bubble length at the entrance of microchannels. 
Garstecki et al. (2006) have studied the formation mechanism of Taylor bubbles at the 
T-junction inlet of microchannels, and considered that the break-up mechanism of the gas 
phase in the in the continuous liquid phase was mainly dependent upon the relative magnitude 
of forces involved in the Taylor bubbles formation process, i.e. surface tension, shear stress, 
pressure on the gas phase caused by the continuous fluid, resistance of Taylor bubbles to the 
continuous fluid. Based on the relative magnitude of forces, formation mechanism of Taylor 
bubbles was divided into three regions: squeezing regime, dripping regime and jetting regime. 
When the dominated force in the break-up mechanism was arising from the pressure drop 
across the emerging bubbles, the Taylor bubble formation process was squeezing dominated, 
and in the squeezing regime the Ca was considered to be less than 0.02 for their experiments. 
Then, a simple correlation was proposed to predict the Taylor bubble length in the squeezing 
regime: 




α= +                                    (4.10) 
In which α was a fitting parameter, and its value depended upon the structure of the 
T-junction. Based on the experimental results of gas-liquid flow in the rectangular 
microchannels with hydraulic diameter of 200, 400 and 667 µm, Yue et al. (2008) found that 
Eq. (4.10) could predict well the bubble length in the squeezing regime. 
In the present study, the values of Ca were less than 0.02 at most operating conditions; 
therefore the bubble formation process should be dominated by squeezing regime. To examine 
applicability of Eq. (4.10) for the prediction of Taylor bubble length and to verify the 
assumption that squeezing regime dominated Taylor bubble formation, the current 
experimental data were compared with the prediction of Eq. (4.10), as depicted in the Figure 
4-3, in which, values of α determined by linear least square regression of experimental data. 
Approximately, Taylor bubble length could be well represented by the Eq. (4.10) with 
constantα value. It can be note that the value ofα vary with liquid viscosities and surface 
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tension, but not channel diameter. The reasons can be explored are that the variation of liquid 
properties can affects the forces involved in the Taylor bubble formation process, such as 
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According to the discussion above, it can be concluded that the Taylor bubble formation 
mechanism in the present study is dominated by squeezing regime and the Taylor bubble 
length can be well predicted with the Eq. (4.10), and in which the value of α is highly 
dependent upon the liquid viscosity and surface tension. The effects of inlet structure, 
operating orientation and channel section on the Taylor bubble formation, still need 
experimental and simulation study, necessarily.  
 
4.2.3 Pressure drop characteristics 
In the Chapter 3, the two-phase pressure drop in the microchannels was found highly 
dependent upon the two-phase flow patterns, and the main trend could be divided into three 
regions: surface tension-dominated region, transition region and inertia-dominated region. 
The pressure drop in inertia-dominated region was systematically studied and the applicability 
of homogeneous flow models and separated flow models were examined. It was found that 
the modified separated flow model could predict the two-phase pressure drop well in the 
microchannels. However, to predict the pressure drop of Taylor flow, which is the major 
two-phase flow pattern in the surface tension-dominated region, homogeneous flow model 
and separated flow model may be not the proper method. To begin with, in the homogeneous 
flow model, gas and liquid phases are assume to be with equal actual velocities and 
thoroughly mixed, thus, the two-phase flow can be treated as a single phase flow with average 
properties of two-phase mixture. As mentioned above, in the Taylor flow, gas bubble velocity 
is significantly higher than that of liquid phase due to the liquid film between Taylor bubbles 
and channel wall. Moreover, it is assumed that gas and liquid flow separately in the tube with 
each phase flowing continuous and occupying a sector of the pipe cross section in the 
separated flow model. But in the Taylor flow, obviously, the gas phase is discontinuous and 
the motion of liquid film is very different from that of liquid slug. Finally, Taylor flow can be 
considered as a transient intermittent flow due to the discontinuous motion of gas bubbles and 
the alternative exposure of channel wall to the liquid film and liquid slug. Accordingly, Taylor 
flow can not be regarded as a homogeneous flow or a separated flow, and distinct method will 
be indispensable for the prediction of two-phase pressure drop in the Taylor flow.   
 







Actually, Taylor flow can be treated as a steady process due to it consists of several or a 
lot of unit cells (one bubble, the liquid film surrounding the bubble and one slug) which are 
almost identical, as depicted in the Figure 4-4. Consequently, the pressure drop of Taylor flow 
can be considered as the sum of the pressure drop of all the unit cells. The frictional pressure 
drop of one Taylor unit cell consists of three parts: frictional loss in the liquid slug, 
,liquid TUCP∆ ; 
frictional loss in the liquid film,
,film TUCP∆ ; the pressure drop over the front and the rear 
caps,
,cap TUCP∆ .   
, , , ,fri TUC liquid TUC film TUC cap TUCP P P P∆ = ∆ + ∆ + ∆                           (4.11) 
Then the total frictional pressure drop of Taylor flow can be deduced as:  
,
, , ,






= ∆ + ∆ + ∆
+
                  (4.12) 
in which Z is the length of the microchannel. Generally, for the Taylor flow, both gas flow and 
liquid flow are in laminar regime (Thulasidas et al., 1997). Therefore, 
,liquid TUCP∆ can be 
regarded as a sum of the additional pressure drop caused by the inner 
recirculation














∆ = ∆ +                         (4.13) 
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For the horizontal Taylor flow in the microchannel, liquid film is usually assumed to be 
nearly at rest (Kreutzer et al., 2005). Thus
,film TUCP∆ is negligible compared to the ,liquid TUCP∆ .   
The pressure drop over the bubble caps in the circular capillaries can be expressed by the 
following correlation, which proposed by Bretherton (1961) according to the theoretical study 







σ∆ =                              (4.14) 







F Taylor S L liquid
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B S liquid TUC i
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ρ∆
= ∆ + + ∆
+
        (4.15) 
Kreutzer et al., (2005) implemented experiments to investigate the pressure drop 
characteristics of Taylor flow in the circular capillary with diameter of 2.3 mm, and verified 
their experimental findings with CFD simulation. They found that the contribution of 
,cap TUCP∆ and ,circu TSP∆ to the frictional loss could be described as an additional function ξ  to 






ξ   	 A= 	 A	 AB CB C
                                (4.16) 
And f could be calculated by: 
( )64 1
Reliquid
f ξ= +                                    (4.17) 
Based on the experimental results and numerical findings, it was determined that b in the Eq. 
(4.16) equaled to 1/3, and a = 0.07 for Re 50liquid > , a = 0.17 for Re 50liquid ≤ .  
The total pressure drop of Taylor flow TaylorP∆ in the present work can be expressed as:  
,Taylor F Taylor accP P P∆ = ∆ + ∆                               (4.18) 
In which the accP∆ calculated by: 
2 2
2 (1 ) (1 )
(1 ) (1 )
e e e e
acc
G G L G G G L Gout in
x x x xP G
ρ ε ρ ε ρ ε ρ ε
    
− −∆ = + − + 	 A 	 A
− − B C B C 
           (4.19) 
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and 
LS L GS GG U Uρ ρ= +                                   (4.20) 
Thus 
,F Taylor Taylor accP P P∆ = ∆ − ∆                               (4.21) 
In the last section of this chapter, it was obtained that: 
0.917Gε β=                                         (4.22) 
for nitrogen-water and nitrogen-CMC solutions two-phase systems, and  
0.576Gε β=                                         (4.23) 
for nitrogen-ethanol two-phase systems. 














=                    (4.24) 
The measured Reliquidf as a function of /s iL d is plotted in the Figure 4-5, as well as its 
comparison with the prediction of Kreutzer’s correlation Eq. (4.17). It can be noted from 
Figure 4-5 (a) (b) (d) (e) (f) that the most of experimental data are higher than predictions of 
Eq. (4.17) with a = 0.07, but lower than that of Eq. (4.17) with a = 0.17. However, Eq. (4.17) 
would over-predict the experimental data of nitrogen-ethanol two-phase system are 
significantly, no matter which a value employed, as shown in Figure 4-5 (c).  
Walsh et al. (2009) experimentally investigated the hydrodynamic characteristics of 
Taylor flow in capillaries, and five liquids with various liquid properties were employed in 
their work. Based on the results, they suggested that a = 1.92/16 = 0.12 and b = 1/3  0.33 in 
the Eq. (4.17). As exhibited in the Figure 4-5, it can be known that Walsh’s correlation can 
predict well the experimental data of nitrogen-water and nitrogen-CMC solutions. Figure 4-6 
plots the comparison of measured Reliquidf  with predictions of Walsh’s correlation, and the 
deviations between them are lower than 20% for the most of data.    
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However, both Kreutzer’s correlation and Walsh’s correlation would under-predict the 
experimental data of nitrogen-ethanol two-phase system, as shown in the Figure 4-7. 
Kreutzer’s correlation is based on the assumption that the Ca should be sufficiently small, less 
than 0.04. In the present study, for the Taylor flow of nitrogen-water and nitrogen-CMC 
solutions two-phase flow systems, Ca values are less than 0.05 (0.0001 < Ca < 0.05), in 
accordance with the Kreutzer’s assumption, consequently, the experimental data can be 
predicted well using Kreutzer’s model modified by Walsh et al. But for the Taylor flow of 
nitrogen-ethanol two-phase flow system, Ca ranges from 0.006 to 0.11, in which certain part 
of experimental data exceed the Kreutzer’s assumption. It was found that (Thulasidas et al., 
1997), for higher Ca value, the liquid film could not be assumed at rest, and the relative 
magnitude of inertia force increased causing the aggravation of recirculation in the liquid slug. 
Therefore, Kreutzer’s model will under-predict the frictional loss caused by the motion of 
liquid film and the recirculation in the liquid slug, and that will lead to the failure to predict 
the experimental data of nitrogen-ethanol two-phase flow system.     
4.3 Conclusions 
In this chapter, hydrodynamic characteristics of Taylor flow were discussed. Major 
conclusions can be drawn as follows:   
(1) Taylor bubble velocity showed a good linear relationship with the sum of gas and 
liquid superficial velocity. Similarly, void fraction could be predicted by a simple linear 
correlation related to gas phase volumetric fraction. But for the nitrogen-ethanol two phase 
flow, lopes varied from that of others two-phase flow systems in these two linear relations. 
(2) In the present work, the formation mechanism of Taylor bubbles was dominated by 
squeezing regime, and there was a linear relation between the bubble length to channel 
diameter ratio and gas to liquid superficial velocity ratio, in which the slope highly depended 
on the liquid viscosity and surface tension. 
(3) Kreutzer’s model modified by Walsh et al. could predict well the two-phase pressure 
drop of Taylor flow in the present experiments at relatively low Ca values. 
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CHAPTER 5: OXIDATION OF HYDROGENATED 




This chapter mainly concerns the oxidation of hydrogenated 
2-ethyltetrahydroanthraquinone (THEAQH2) in the circular microchannel, as an attempt on 
application of microchemical technology in the hydrogen peroxide industrial production 
process. One aim of this study is to verify the two-phase flow pattern transition model and 
pressure drop prediction model of inertia-dominated region proposed in the previous chapters. 
The other aim, also the major one, is to experimentally investigate the oxidation of THEAQH2 
in circular microchannel, especially the characteristics of gas-liquid specific interfacial area 
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5.1 Introduction  
Hydrogen peroxide is one of the most important chemical products, which is considered 
as an ideal, environmental friendly oxidizer, for that the by-products is only water after 
oxidation. Thus, it is widely used in the municipal wastewater treatment, propellant in 
aerospace, medical hygiene application, pulp- and paper-bleaching, as well as in others 
industrial process employed as feed-stock, i.e. electronic material production, pharmaceutical 
synthesis, organic synthesis, etc. Nowadays, hydrogen peroxide is manufactured almost 
exclusively by the self-oxidation of 2-alkyl anthrahydroquinone to the corresponding 2-alkyl 
anthraquinone in the so-called anthraquinone process, which mainly consists of three parts: 
catalytic hydrogenation, self-oxidation and extraction, generally. In the traditional industrial 
production process, the self-oxidation step, which is a gas-liquid two-phase reaction process, 
usually occurs in big tower two-phase reactors with diameter more than 3 m and height more 
than 20 m, and its limitations are obvious: low efficiency, poor safety, high energy 
consumption, etc. It is worthy to improve the self-oxidation step to meet the market demands, 
as well as environmental requirement, and microchemical technology provides a new method 
for its excellent performance in process intensification.    
In this chapter, oxygen-anthraquinone working solution two-phase flow in a circular 
microchannel and the oxidation of THEAQH2 in a circular microchannel with diameter of 900 
µm and length of 30 cm will be investigated. Specifically, the gas-liquid specific interfacial 
area will be calculated with the image of flow patterns recorded by a fast camera, and the 
effects of temperature, operating pressure, and liquid velocity on the oxidation will be 
discussed.  
5.2 Experiments  
5.2.1 Set up 
The experimental setup constructed for this study is composed of a test section, gas and 
liquid circuits and the data acquisition system, as depicted in Figure 5-1. A precise pump 
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(Shimadzu, LC-15C, 0.001-10 mL/min) were used to control the liquid flow in the 
microchannel. The pulse of the pump was maximally reduced by installation of two buffer 
tanks, so that constant flow rate and steady flow in the microchannel could be achieved. The 
temperature of liquid was controlled by using a water bath. Flow rate of gas was controlled 
and adjusted by mass flow controllers (Seven star: D07-11C, 0-500 mL/min; D07-7A, 0-100 
mL/min; D07-7A, 0-30 mL/min; D07-7B, 0-2 L/min). A T type junction connected with the 
downstream microchannel was prepared for the pre-contact of gas and liquid. To visualize and 
record the two-phase flow patterns in the microchannels, a fast camera (Canon 5D Mark II, 
shutter speed: 1/8000 S) was installed at a side of the test channel, with background 
illumination provided by two homemade LED lamps installed at the opposite side. A pressure 
difference sensor (Micro, MDM490, 0-70 kPa) was employed to measure the pressure drop of 
two-phase flow through the microchannel. A back-pressure valve was paired up with a 
pressure sensor (Micro, MPM489, and 0-1 MPa) to control the operating pressure during 






The circular microchannel with diameter of 900 µm and length of 30 cm has been used 
in the experiments. For convenience of visualization, these microchannels were made of 
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quartz glass, and fabricated through precise hot-stretching by “Verre et Séparation 
Technologies S.A.”, Lyon, France. The T junction through which gas and liquid were fed to 
the main microchannel was made of stainless steel and fabricated by Nanzhong Mould 
Company.  
Before the oxidation in the microchannel and in the separator after the microchannel, the 
hydrogenated anthraquinone working solution was kept in the atmosphere of nitrogen to 
prevent it from oxidizing out of the microchannel.    
 
5.2.2 Working solution and analytical method 
The anthraquinone working solution was get from a hydrogen peroxide production 
workshop of SINOPEC CORP, in which there were 33.1 g/L 2-ethylanthraquinone (EAQ) and 
91.5 g/L 2-ethyltetrahydroanthraquinone (THEAQ) dissolved in mixture of heavy aromatics 
and trioctyl phosphate  (Zhang, 2008). Table 5-1 tabulated the physical properties of working 
solution and oxygen. It was confirmed that only THEAQ involved in the hydrogenation, 
corresponding to THEAQH2 in oxidation (Berglin and Schoon, 1983; Santacesaria et al., 













In the oxidation, the working liquid was catalytic hydrogenated anthraquinone working 
solution. It would be sampled and completely oxidized with flowing air to obtain hydrogen 
peroxide as an oxidation product. Hydrogen peroxide in the oxidation mixer was extracted 
with de-ionized water. In the presence of sulfuric acid, the extraction products were titrated 
with standard potassium permanganate solution in order to determine the amount of hydrogen 
peroxide, which corresponding to the amount of THEAQH2 in the hydrogenated working 
solution sample, finally, total concentration of THEAQH2 Ctotal in the hydrogenated 
anthraquinone working solution could be determined. The amount of hydrogen peroxide 
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produced in the oxidized working solution could also be determined by titration, and then the 
amount of THEAQH2 oxidized in the microchannel would be determined, whose 
concentration could be expressed as: Coxy. Accordingly, the oxidation conversion could be 





Working liquid Oxygen 
T µL L  µG G 
°C mPays kg/m3 mN/m mPays kg/m
3 (atmospheric 
pressure) 
20 2.4 892 31.8 2.1 1.33 
30 2.1 888 30.7 2.2 1.29 
40 1.8 884 29.6 2.2 1.25 
50 1.7 880 28.5 2.3 1.21 
60 1.5 876 27.4 2.3 1.17 
70 1.4 873 26.3 2.4 1.14 
5.3 Oxygen-anthraquinone working solution two-phase flow in circular 
microchannel 
5.3.1 Two-phase flow patterns 
Oxygen-anthraquinone working solution two-phase flow patterns in circular 
microchannel with diameter 900 µm were visually investigated, and three typical flow 
patterns were observed, i.e. slug flow (Taylor flow), slug-annular flow and transitional flow 
pattern: unstable slug flow. Due to the small flow range of the pump, higher liquid superficial 
velocities could be achieved, thus, bubbly flow, churn flow did not appear in the present 
experiments.     
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In the Chapter 2, a flow pattern transition model was proposed taking effects of channel 
size, liquid viscosities, and surface tension into account. With the liquid physical properties 
tabulated in the Table 5-1, the transition line in the proposed model could be derived as lines 
plotted in the flow pattern regime maps with UGS and ULS as coordinates, which depicted in 
Figure 5-2. It could be known that the flow pattern transition model predicted well the present 
experimental data, especially, the transition from unstable slug flow to slug-annular flow. On 
the other hand, the applicability of transition model for others two-phase flow system in 
microchannel was verified, for the liquid physical properties of anthraquinone working 
solution varied from that of liquids employed in the experiments of Chapter 2, base on which 







5.3.2 Pressure drop 
Two-phase pressure drop of oxygen-anthraquinone working solution also was 
investigated. The typical trend dependent on the flow patterns was also observed as shown in 
Figure 5-3, whose characteristics have been described in detail. In the present experiments, 
region I (surface tension-dominated) corresponded to slug flow (Taylor flow), region III 
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In Chapter 3, the pressure drop in inertia-dominated region was systematically discussed. 
As a result, a new Chisholm parameter C was proposed to modify the L-M separated flow 
model for prediction the two-phase pressure drop of inertia-dominated region in microchannel, 
and good agreement with the data of our previous experiments and that of others was shown. 
The C correlation can be expressed as:   
0.39 0.31(1.17 0.53Re ) ReG LC = +                           (5.1) 
The Two-phase pressure drop of oxygen-anthraquinone working solution in 
inertia-dominated region was compared with the model proposed in Chapter 3, as exhibited in 
Figure 5-4. It was noted from Figure 5-4, that the prediction corresponded well with the 
experimental data, and the mean relative deviation of all data was only 14.42%, relative 
deviation of most data less than 30%. In other words, the model proposed for 
inertia-dominated region was confirmed again.   
However, an important detailed parameter, Taylor bubble velocity, could not be obtained 
for that the fast camera in the present experiments could only record image, but not the video. 
Therefore, two-phase pressure drop of Taylor flow have not discussed here.  
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5.4 Oxidation of THEAQH2 in circular microchannel 
5.4.1 Gas-liquid specific interfacial area 
The two-phase flow pattern during the oxidation in the microchannel was observed to be 
Taylor flow, and the representative images were exhibited in Figure 5-5, in which the 
gas-to-liquid ratio ASr defined as the ratio of gas superficial velocity under atmospheric 
pressure to that of liquid phase. Taylor flow could be regarded as a quasi-steady process, with 
relatively regular Taylor bubbles and liquid slug. So that, it was possible to calculate the 
gas-liquid specific interfacial area from the two-phase flow images.   
As shown in the Figure 5-6, the diameter of Taylor bubble db can be calculated by:  
2b c fd d T= −                                         (5.2) 
Where Tf is the thickness of the liquid film, which can be obtained from the correlation 















=                                           (5.4) 
Where (Baten et al., 2004): 
/B GS GU U ε=                                         (5.5) 
And void fraction Gε can be calculated by: 










                                 (5.6)  
We regard approximately the Taylor bubble as a combination of a cylinder and a hemisphere, 
for which the interfacial area expressed as: 
2
1( ) 3 / 4B b cy sp bS d L L dpi pi= + +                           (5.7) 
Where: 
1 2 / 2cy sp B sp B bL L L L L d+ = − ≈ −                          (5.8) 
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Then the gas-liquid specific interfacial area of the microchannel can be obtained from: 














Based on the Eq. (5.9), the specific interfacial area can be calculated for cd , ed and BL  
are known or obtain from the flow pattern image, as well as GSU  calculated from gas flow 
rate. Four values were determined to be 4560 m2/m3, 4840 m2/m3, 4960 m2/m3 and 5040 
m
2/m3 (with the error < 10%), corresponding to the operating conditions in Figure 5-5 (a), (b), 
(c), (d). Generally, the specific interfacial areas of conventional gas-liquid reactors are less 
than 200 m2/m3 (Ehrfeld et al., 2004). It is dramatically high specific interfacial area that is 
one of the most important reasons for excellent performance of microchannel reactor in mass 
transfer processes.    
 
5.4.2 Effects of temperature on oxidation 
The effects of temperature on the oxidation were shown in the Figure 5-7, from which it 
could be noted that oxyC and its corresponding η would increase significantly with temperature. 
For instance, oxyC was only 0.79 gH2O2/L, and η only 13.2% with a temperature of 12 °C; 
but oxyC increased to 4.4 gH2O2/L, and η to 72.8%, when temperature had reached 70 °C, 
with others operating condition keeping unchanged. 
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There were mainly two aspects responsible for this phenomenon. On one hand, the 
oxidation of was a moderately slow reaction occurring mainly in the bulk liquid, whose rate 
was affected dramatically by the mass transfer across the gas-liquid interfacial (Santacesaria 
et al., 1987). Thus, the intrinsic reaction rate would increase with temperature for that it was 
generally agreed that kinetic constant of the oxidation would rise significantly. On the other 
hand, mass transfer would be enhanced with the increase of temperature. To start with, gas 
diffusion in the liquid would accelerate with the increase of temperature; consequently, the 
mass transfer of oxygen would be enhanced (Lamont and Scott, 1970), which positively 
related to gas diffusion in the liquid. Moreover, the mass transfer would be intensified by the 
rise of oxidation kinetic constant. Finally, the solubility of oxygen in the anthraquinone 
working solution would also be increased with temperature, and that was common 
phenomenon of oxygen dissolved in a lot of organic solvents (Huang, 2002), such as benzene, 
toluene, trimethyl benzene, heavy aromatics, etc. Accordingly, the mass transfer driving force 
would rise, leading to the enhancement of mass transfer. In conclusion, with the increase of 
temperature, both the intrinsic reaction rate of oxidation and oxygen mass transfer would be 
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5.4.3 Effects of operating pressure 
Generally, operating pressure is another important influencing factor in the gas-liquid 
reaction process, as well as in the oxidation presented here. As exhibited in Figure 5-8, η  
under 0.49 MPa was about three times of that under 0.10 MPa with others operating condition 
unchanged. As mentioned above, the rate of the present oxidation was determined by the 
intrinsic reaction rate, as well as the mass transfer across the gas-liquid interfacial. On one 
hand, with the increasing of operating pressure, the mass transfer would be enhanced. On the 
other hand, the solubility of oxygen in the bulk liquid would increase with higher operating 
pressure, so that the concentration of oxygen in the liquid phase would become higher. Then, 
the intrinsic reaction rate would be improved. As a result, the reaction rate of the present 
oxidation would increase with the operating pressure leading to the rise of oxyC and η  as 






5.4.4 The effects of liquid velocities on the oxidation 
In Figure 5-9, it was plotted that the variation of oxyC and η  with liquid superficial 
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velocities of hydrogenated anthraquinone working solution. Obviously, it could be noted that 
the oxyC and η fallen with the increasing of liquid velocities. The mean residence time of 
hydrogenated anthraquinone working solution in the microchannel would decrease, when the 
liquid velocities increased, so that the conversion of the oxidation would be led down 
inevitably with other operating conditions unchanged. However, with the increasing of the 
liquid velocities, the amount of hydrogenated anthraquinone working solution through the 
microchannel per unit of time would increase, and the mass transfer across the gas-liquid 
interfacial would be enhanced, as well as the intrinsic reaction in the bulk liquid because of 
the higher mean THEAQH2 concentration under lower conversion. So that, the hydrogen 
peroxide space-time yield of the microchannel was improved significantly, as shown in the 






It is a great advantage of microchannel reactor that high hydrogen peroxide space-time 
yield could be achieved in the THEAQH2 oxidation process. Actually, the aim to employ 
microchannel reactor in this oxidation process was to enhance the process to improve the 
efficiency and to reduce the energy consumption. As a result, the hydrogen peroxide 
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space-time yield of the microchannel reactor achieved 1790 kg H2O2/(m3·h), when liquid 
velocity was 0.052 m/s, operating pressure 0.29 MPa and temperature 50 °C, as shown in 
Figure 5-10. However, the oxidation process in the hydrogen peroxide production industry is 
with so low production efficiency, in which, the hydrogen peroxide space-time yield is usually 
only 15-36 kg H2O2/(m3·h) (Hu, 2008). Even though the advanced tubular oxidation reactor 
developed by Kemira company (Hu, 2004), of which the hydrogen peroxide space-time yield 
is not more than 254 kg H2O2/(m3·h), and the reactor have not been used by many companies 
yet. Consequently, compared with traditional tower oxidation reactor or advanced tubular 
reactor, the microchannel reactor has its own potential to improve the oxidation step in the 
hydrogen peroxide industrial production process.  





The oxygen-anthraquinone working solution two phase flow and the oxidation of 
THEAQH2 in the circular microchannel were experimentally investigated in this chapter. 
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Based on the discussion above, major conclusions could be reached as follow.   
(1) Three two-phase flow patterns were observed in the oxygen-anthraquinone working 
solution two phase flow, i.e. slug flow, unstable slug flow and slug-annular flow. The 
two-phase flow pattern transition model proposed in the Chapter 2 predicted well the flow 
patterns in the present experiment. The main trend of two-phase pressure drop also could be 
divided into three parts, and the pressure drop in the inertia-dominated corresponded well 
with the prediction of the modified L-M separated-flow model proposed in the Chapter 3. 
(2) The gas-liquid two-phase interfacial during the oxidation of THEAQH2 in the 
microchannel reactor could achieved more than 5000 m2/m3, which was tens times more than 
that of traditional reactors. 
(3) According to the experiments, it was known that the oxidation rate would increase 
with the temperature, operating pressure and liquid superficial velocity. And the hydrogen 
peroxide space-time yield of the microchannel reactor could achieved 1790 kg H2O2/(m3·h) in 
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1 Thesis summary 
This thesis is mainly concerned with the gas-liquid two-phase flow and reaction 
characteristics in microchannels. Two-phase flow patterns, the dependence of two-phase 
pressure drop on the flow patterns, two-phase pressure drop in inertia-dominated region and 
the hydrodynamic characteristics of Taylor flow have been investigated in circular 
microchannels, as well as the oxidation of THEAQH2, which was an important step in the 
hydrogen peroxide industrial production process. In all the study aspects of this work, special 
emphasis have been put on the influence of channel size, liquid viscosity and surface tension. 
In chapters 2 ?5, the corresponding results, discussions and conclusions have been presented 
in detail, and the key findings of the present dissertation could be summarized as follows:  
(1) In the circular microchannel, there are several typical flow patterns i.e. bubbly flow, 
slug flow, churn flow, slug-annular flow and annular flow, as well as transitional flow patterns, 
such as slug-bubbly flow, unstable slug flow and so on. In addition, foam flow patterns will 
occur when using working liquid containing surfactant.  
(2) Channel size, liquid viscosity and surface tension affect two-phase flow patterns in 
the microchannel dramatically, not only on the detail of the flow patterns, but also on the 
transition between the flow patterns. The existing flow pattern transition models can not 
predict well the experimental data, so a new model are proposed taking the effects of channel 
size, liquid viscosity and surface tension in to account.  
(3) The two-phase pressure drop highly depends upon flow patterns, and the 
corresponding trend can be divided into three parts according to the mechanism, i.e. (I) the 
surface tension-dominated region (bubbly flow and slug flow), (II) the transitional region 
(unstable slug flow) and (III) the inertia-dominated region (churn flow, slug-annular flow and 
annular flow). Homogeneous flow model is not the applicable method to predict two-phase 
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pressure drop in microchannel. The prediction of modified Lockhart-Martinelli separated flow 
model corresponds well with the experimental data in the present work and that of other 
researchers in the inertia-dominated region. The pressure drop of Taylor flow, which is the 
major flow pattern of surface tension dominated region, can be predicted satisfactorily by 
Kreutzer’s model modified by Walsh et al., when Ca < 0.05. But for higher Ca, new model is 
needed to found. 
(4) Taylor bubble velocity and void fraction can be predicted by a simple linear 
correlation, but for the nitrogen-ethanol two-phase flow, lopes of these correlations vary from 
that of others two-phase flow systems. In addition, the formation mechanism of Taylor flow 
can be explained by squeezing regime, and the very important parameter of Taylor flow, gas 
bubble length, is highly related to the liquid properties.  
(5) The experimental results show that the prediction of flow pattern transition model 
and two-phase pressure drop model proposed in the present work have a good agreement with 
the data of oxygen-anthraquinone working solution two phase flow in the circular 
microchannel.  
(6) Microchannel reactor has superior reaction performance, when employed in the 
oxidation of THEAQH2. During the oxidation, the gas-liquid interfacial can achieve 5000 m2/ 
m
3
, and the space-time yield of hydrogen peroxide can achieve 1790 kg H2O2/(m3yh), tens 
times more than that of traditional oxidation reactor. 
2 Future work perspectives 
The present work contributes to the advances in the fundamental knowledge of 
hydrodynamics and reaction characteristics in gas-liquid microreactors. Although extensive 
experiments have been performed on the two-phase flow in microchannel, there are still many 
tasks in this field need to deeply study. Moreover, the present study on the two-phase reaction 
only represents a first attempt at the application of microreactor in the hydrogen peroxide 
production industry. There is still much work that can and should be carried out, and in the 




(1) Foam flow patterns in the microchannel are so special, and rarely reported. On one 
hand, it has been observed that the pressure drop of the foam flow is several times higher that 
of typical flow patterns. On the other hand, the two-phase interfacial is speculated to be 
extremely large, which perhaps will be new method for the enhancement of gas-liquid mass 
transfer process. Accordingly, extensive experimental work will be implemented to study the 
hydrodynamics and mass transfer characteristics of foam flow in microchannels. 
(2) The flow pattern transition model proposed in the chapter 2 needs plenty of 
experimental data to verify, and other influencing factors such as temperature, channel section, 
orientation, channel surface characteristics and inlet structure are not considered. Therefore, it 
will be the subject of our ongoing work, in which more experiments will be carried out to 
found a more applicable model. 
(3) Computer simulation is great to the study of two-phase flow mechanism in the micro 
channels, and has been used successfully in this field. For the present work, the formation 
mechanism two-phase flow patterns, the mechanism of pressure drop in inertia-dominated and 
surface tension-dominated region, as well as mass transfer from gas to the liquid, are very 
different to know clearly only based on the experiments. Therefore, we will use computer 
software, such as CFD and MATLAB, to numerically study on two-phase flow in 
microchannels aiming to found more reasonable prediction model.  
(4) The microchannel reactor showed a superior performance in the oxidation step of the 
hydrogen peroxide production industry. But there are still many problems before using 
microreactors in the oxidation step, i.e. the effects of channel size, channel section and 
channel length are not clear, how the two-phase fluid distribute in the multi-microchannels for 
that the oxidation reactor in the industry must be with multi-channel, etc. We shall conduct 
more experiments to investigate the influences of operating parameters, channel size, channel 
section and channel length, etc. on the oxidation. Multi-channel microreactor will be 
fabricated, for which, fluid distributor will be designed. Oxidation and fluid distribution in the 
multi-channel reactor will be investigated. Of course, other gas-liquid reaction characteristics 
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